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Message from Kathleen Sebelius
Secretary of Health and Human Services

Tobacco use imposes enormous public health and financial costs on this nation—costs that
are completely avoidable. Until we end tobacco use, more people will become addicted, more people will
become sick, more families will be devastated by the loss of loved ones, and the nation will continue
to incur damaging medical and lost productivity costs. Now is the time to fully implement proven and
effective interventions that reduce tobacco-caused death and disease and to help end this public health
epidemic once and for all.

Cigarettes are responsible for approximately 443,000 deaths—one in every five deaths—each year
in the United States. The chronic diseases caused by tobacco use lead the causes of death and disability
in the United States and unnecessarily strain our health care system. The economic burden of cigarette
use includes more than $193 billion annually in health care costs and loss of productivity.

We can prevent the staggering toll that tobacco takes on individuals, families, and communities.
This new Surgeon General’s report focuses on cigarettes and cigarette smoke to provide further
evidence on how cigarettes cause addiction and premature death. It identifies better approaches to
helping people stop smoking and brings to light new ideas for how to lower the incidence of smoking-
caused disease.

Twenty years of successful state efforts show that the more states invest in tobacco control
programs, the greater the reductions in smoking, and the longer states maintain such programs, the
greater and faster the impact. The largest impacts come when we increase tobacco prices, ban smoking
in public places, offer affordable and accessible cessation treatments and services, and combine media
campaigns with other initiatives. We have outlined a level of state investment in comprehensive
tobacco control and prevention efforts that, if implemented, would result in an estimated five million
fewer smokers over the next five years. Hundreds of thousands of premature deaths caused by tobacco
use could be prevented, and many fewer of the nations’ children would be deprived by premature
death of their aunts, uncles, parents, and grandparents. Importantly, in 2009 the U.S. Food and Drug
Administration received statutory authority to regulate tobacco products. This has the potential to lead
to even greater progress in reducing morbidity and mortality from tobacco use.

Tobacco prevention and control efforts need to be commensurate with the harm caused by tobacco
use. Otherwise, tobacco use will remain the largest cause of preventable illness and death in our nation
for decades to come. When we help Americans quit tobacco use and prevent our youth from ever
starting, we all benefit. Now is the time for comprehensive public health and regulatory approaches to
tobacco control. We have the knowledge and tools to largely eliminate tobacco caused disease. If we
seize this moment, we will make a difference in all of our communities and in the lives of generations
to come.






Foreword

In 1964, the first Surgeon General’s report on the effects of smoking on health was released. In
the nearly 50 years since, extensive data from thousands of studies have consistently substantiated the
devastating effects of smoking on the lives of millions of Americans. Yet today in the United States,
tobacco use remains the single largest preventable cause of death and disease for both men and women.
Now, this 2010 report of the Surgeon General explains beyond a shadow of a doubt how tobacco smoke
causes disease, validates earlier findings, and expands and strengthens the science base. Armed with
this irrefutable data, the time has come to mount a full-scale assault on the tobacco epidemic.

More than 1,000 people are killed every day by cigarettes, and one-half of all long-term smokers
are killed by smoking-related diseases. A large proportion of these deaths are from early heart attacks,
chronic lung diseases, and cancers. For every person who dies from tobacco use, another 20 Americans
continue to suffer with at least one serious tobacco-related illness. But the harmful effects of smok-
ing do not end with the smoker. Every year, thousands of nonsmokers die from heart disease and lung
cancer, and hundreds of thousands of children suffer from respiratory infections because of exposure
to secondhand smoke. There is no risk-free level of exposure to tobacco smoke, and there is no safe
tobacco product.

This new Surgeon General’s report describes in detail the ways tobacco smoke damages every
organ in the body and causes disease and death. We must build on our successes and more effectively
educate people about the health risks of tobacco use, prevent youth from ever using tobacco products,
expand access to proven cessation treatments and services, and reduce exposure to secondhand smoke.
Putting laws and other restrictions in place, including making tobacco products progressively less
affordable, will ultimately lead to our goal of a healthier America by reducing the devastating effects
of smoking.

The Centers for Disease Control and Prevention (CDC), the U.S. Food and Drug Administration
(FDA), and other federal agencies are diligently working toward this goal by implementing and sup-
porting policies and regulations that strengthen our resolve to end the tobacco epidemic. CDC has
incorporated the World Health Organization’s MPOWER approach into its actions at the local, state,
and national levels. MPOWER consists of six key interventions proven to reduce tobacco use that can
prevent millions of deaths. CDC, along with federal, state, and local partners, is committed to monitor-
ing the tobacco epidemic and prevention policies; protecting people from secondhand smoke where
they live, work, and play; offering quit assistance to current smokers; warning about the dangers of
tobacco; enforcing comprehensive restrictions on tobacco advertising, promotion, and sponsorship;
and raising taxes and prices on tobacco products.

In 2009, the Family Smoking Prevention and Tobacco Control Act was enacted, giving FDA
explicit regulatory authority over tobacco products to protect and promote the health of the American
public. Among other things, this historic legislation gave the agency the authority to require compa-
nies to reveal all of the ingredients in tobacco products—including the amount of nicotine—and to
prohibit the sale of tobacco products labeled as “light,” “mild,” or “low.” Further, with this new regula-
tory mandate, FDA will regulate tobacco advertising and require manufacturers to use more effective
warning labels, as well as restrict the access of young people to their products. FDA will also assess and
regulate modified risk products, taking into account the impact their availability and marketing has on
initiation and cessation of tobacco use.

Reducing the tremendous toll of disease, disability, and death caused by tobacco use in the United
States is an urgent need and a shared responsibility. All public health agencies need to partner together
to develop common strategies to combat the dangers of smoking and tobacco use and defeat this
epidemic for good.



This 2010 Surgeon General’s report represents another important step in the developing recogni-
tion, both in this nation and around the world, that tobacco use is devastating to public health. Past
investments in research and in comprehensive tobacco control programs—combined with the findings
presented by this new report—provide the foundation, evidence, and impetus to increase the urgency
of our actions to end the epidemic of tobacco use.

Thomas R. Frieden, M.D., M.P.H. Margaret A. Hamburg, M.D.
Director Commissioner of Food and Drugs
Centers for Disease Control and Prevention U.S. Food and Drug Administration
and

Administrator

Agency for Toxic Substances and Disease Registry



Preface
from the Surgeon General,
United States Public Health Service

In 1964, the Surgeon General released a landmark report on the dangers of smoking. During the
intervening 45 years, 29 Surgeon General’s reports have documented the overwhelming and conclusive
biologic, epidemiologic, behavioral, and pharmacologic evidence that tobacco use is deadly. Our newest
report, How Tobacco Smoke Causes Disease, is a comprehensive, scientific discussion of how main-
stream and secondhand smoke exposures damage the human body. Decades of research have enabled
scientists to identify the specific mechanisms of smoking-related diseases and to characterize them in
great detail. Those biologic processes of cigarette smoke and disease are the focus of this report.

One-third of people who have ever tried smoking become daily smokers. This report investi-
gates how and why smokers become addicted and documents how nicotine compares with heroin and
cocaine in its hold on users and its effects on the brain. The way tobacco is grown, mixed, and processed
today has made cigarettes more addictive than ever before. Because of this, the majority of smokers who
try to quit on their own typically require many attempts. It is imperative that we use this information to
prevent initiation, make tobacco products less addictive, and provide access to treatments and services
to help smokers quit successfully.

This new report also substantiates the evidence that there is no safe level of exposure to cigarette
smoke. When individuals inhale cigarette smoke, either directly or secondhand, they are inhaling more
than 7,000 chemicals: hundreds of these are hazardous, and at least 69 are known to cause cancer. The
chemicals are rapidly absorbed by cells in the body and produce disease-causing cellular changes. This
report explains those changes and identifies the mechanisms by which the major classes of the chemi-
cals in cigarette smoke contribute to specific disease processes. In addition, the report discusses how
chemicals in cigarette smoke impair the immune system and cause the kind of cellular damage that
leads to cancer and other diseases. Insight is provided as to why smokers are far more likely to suffer
from chronic disease than are nonsmokers.

By learning how tobacco smoke causes disease, we learn more about how chemicals harm cells,
how genes may make us susceptible, and how tobacco users become addicted to nicotine. The answers
to these questions will help us to more effectively prevent tobacco addiction and treat tobacco-caused
disease. Understanding the complexity of genetic, biochemical, and other influences discussed in this
report offers the promise of reducing the disease burden from tobacco use through earlier detection
and better treatment; however, even with all of the science presented here, it currently remains true
that the only proven strategies to reduce the risks of tobacco-caused disease are preventing initiation,
facilitating cessation, and eliminating exposure to secondhand smoke.

My priority as Surgeon General is the health of the American people. Although we have made great
strides in tobacco control, more than 440,000 deaths each year are caused by smoking and exposure to
secondhand smoke. The cost to the nation is tremendous: a staggering amount is spent on medical care
and lost productivity. But most importantly there is immeasurable cost in human suffering and loss.

In 1964, Surgeon General Luther Terry called for “appropriate remedial actions” to address the
adverse effects of smoking. With this report, the devastating effects of smoking have been character-
ized in great detail and the need for appropriate remedial action is even more apparent. The harmful
effects of tobacco smoke do not end with the users of tobacco. There is no safe level of exposure to
tobacco smoke. Every inhalation of tobacco smoke exposes our children, our families, and our loved
ones to dangerous chemicals that can damage their bodies and result in life-threatening diseases such
as cancer and heart disease. And, although not a focus of this report, we know that smokeless tobacco
causes cancer and has other adverse health effects. The science is now clear that “appropriate remedial
actions” include protecting everyone in the country from having to breathe secondhand smoke; mak-
ing all tobacco products progressively less affordable; expanding access to proven cessation treatments

it



and services; taking actions at the federal, state, and local levels to counteract the influence of tobacco
advertising, promotions, and sponsorship; and ensuring that all adults and children clearly understand
that the result of tobacco use is addiction, suffering, reduced quality of life, and all too often, early
death. Forty-five years after Surgeon General Terry called on this nation to act, I say, if not now, when?
The health of our nation depends on it.

Regina Benjamin, M.D., M.B.A.
Surgeon General
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Introduction

Since the first of the series in 1964, reports of the
Surgeon General have provided definitive syntheses of the
evidence on smoking and health. The topics have ranged
widely, including comprehensive coverage of the health
effects of active and passive smoking (U.S. Department
of Health, Education, and Welfare [USDHEW] 1979; U.S.
Department of Health and Human Services [USDHHS]
1986, 2004, 2006), the impact of tobacco control policies
(USDHHS 2000), and addiction (USDHHS 1988). A goal of
these reports has been to synthesize available evidence for
reaching conclusions on causality that have public health
implications. In reaching conclusions on causation, the
reports have followed a model that originated with the
1964 report: compilation of all relevant lines of scientific
evidence, critical assessment of the evidence, evaluation
of the strength of evidence by using guidelines for evi-
dence evaluation, and a summary conclusion on causation
(USDHEW 1964; USDHHS 2004). The 2004 Surgeon Gen-
eral’s report provides a review of this approach and gives
a set of ordered categories for classifying the strength of
evidence for causality that was used in the 2004 and 2006
reports on active and involuntary smoking, respectively
(Table 1.1). The Surgeon General’s reports have established
a long list of health consequences and diseases caused by
tobacco use and exposure to tobacco smoke (Figure 1.1).

This report considers the biologic and behavioral
mechanisms that may underlie the pathogenicity of
tobacco smoke. Many Surgeon General’s reports have
considered research findings on mechanisms in assessing
the biologic plausibility of associations observed in epi-
demiologic studies. Mechanisms of disease are important
because they may provide plausibility, which is one of the
guideline criteria for assessing evidence on causation. The
1964 report, for example, gave extensive consideration to
the presence of carcinogens in tobacco smoke and the find-
ings of animal models (USDHEW 1964). This new report,
however, specifically reviews the evidence on the poten-
tial mechanisms by which smoking causes diseases and

considers whether a mechanism is likely to be operative
in the production of human disease by tobacco smoke.
This evidence is important to understand how smoking
causes disease, to identify those who may be particularly
susceptible, and to assess the potential risks of tobacco
products. In addition, this evidence is relevant to achiev-
ing the tobacco-related goals and objectives in the Healthy
People initiative—the nation’s disease prevention and
health promotion agenda—and to developing the inter-
ventions for our nation’s tobacco cessation targets for the
year 2020 (USDHHS 2009).

In the planning of this report, the diseases and other
adverse outcomes causally linked to smoking served to
define the scope of issues considered in each of the chap-
ters. Because sufficient biologic plausibility had been
established in prior reports for all causal conclusions, the
evidence on biologic and behavioral mechanisms reviewed
in this report complements and supports the causal con-
clusions established earlier. The report is nof focused on
whether the evidence supports the plausibility of a causal
association of smoking with a particular disease. In fact,
most of the diseases and other adverse outcomes con-
sidered in this report have long been causally linked to
smoking. This report focuses on the health consequences
caused by exposure to tobacco smoke and does not
review the evidence on the mechanisms of how smokeless
tobacco causes disease.

The determination of whether a particular mecha-
nism figures in the causation of disease by tobacco smoke
has potential implications for prevention, diagnosis, and
treatment. A general schema for the causation of disease
by tobacco smoke is provided in Figure 1.2. The assump-
tion is that disease may be a consequence of one or more
pathways, each possibly having one or more component
mechanisms. The figure shows multiple pathways, each
comprised potentially of multiple mechanisms. Moreover,
the same mechanism might figure into several different
pathways. For example, mutations of genes are likely to

Table 1.1 Four-level hierarchy for classifying the strength of causal inferences from available evidence
Level 1 Evidence is sufficient to infer a causal relationship
Level 2 Evidence is suggestive but not sufficient to infer a causal relationship
Level 3 Evidence is inadequate to infer the presence or absence of a causal relationship (which encompasses
evidence that is sparse, of poor quality, or conflicting)
Level 4 Evidence is suggestive of no causal relationship

Source: U.S. Department of Health and Human Services 2004, 2006.
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Figure 1.1

Source: USDHHS 2004, 2006.

figure into several different pathways for the causation of
cancer. As a complex mixture with many different toxic
components, tobacco smoke is likely to act through mul-
tiple pathways in causing disease, and multiple genes may
be involved. Genes may modulate the activity of these
pathways, and there may also be connections between the
pathways. Other environmental factors may act through
the same pathways as tobacco smoke or through differ-
ent pathways and, thereby, augment the contribution of
smoking to disease incidence. For example, the combined
effects of smoking and radon may contribute to causing
lung cancer (National Research Council 1998).

Pathways and mechanisms by which active and pas-
sive smoking contribute to causation of cardiovascular
disease are illustrated in Figure 1.3 (Ambrose and Barua
2004). This depiction of cigarette components in the “tar
phase” and “gas phase” shows their action through several
interacting pathways, indicating a role for genetic as well
as other factors.

4  Chapter 1

The health consequences causally linked to smoking and exposure to secondhand smoke

The characterization of mechanisms by which
smoking causes disease could lead to applications of this
knowledge to public health by (1) assessing tobacco prod-
ucts for their potential to cause injury through a partic-
ular mechanism, (2) developing biomarkers of injury to
identify smokers at early stages of disease development,
(3) identifying persons at risk on a genetic basis through
the operation of a particular mechanism, (4) providing
a basis for preventive therapies that block or reverse the
underlying process of injury, and (5) identifying the con-
tribution of smoking to causation of diseases with mul-
tiple etiologic factors. Consequently, research continues
on the mechanisms by which smoking causes disease,
even though the evidence has long been sufficient to
infer that active smoking and exposure to secondhand
smoke cause numerous diseases (USDHHS 2004, 2006).
In addition, the resulting understanding of mechanisms
is likely to prove applicable to diseases caused not only by
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General schema for the causation of
disease by tobacco smoke

Figure 1.2

Other
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Note: M = disease mechanisms; P = disease pathways.

smoking but by other agents that may act through some
of the same mechanisms.

This report is written at a time when new research
methods have facilitated exploration of the mechanisms
by which smoking causes disease at a depth not previ-
ously possible. With the powerful methods of molecular
and cellular research, disease pathogenesis can now be
studied at the molecular level, and animal models can be
developed to explore specific pathways of injury. Conse-
quently, the range of evidence considered in this report is
broad, coming from clinical studies, animal models, and
in vitro systems. The coverage extends from research at
the molecular level to population-level biomarker studies.

Evaluation of Evidence on
Mechanisms of Disease Production

Approaches for evaluation and synthesis of evidence
on mechanisms have not been previously proposed in
Surgeon General’s reports, although substantial emphasis
has been placed on biologic mechanisms. The 1964 report
indicated that three lines of evidence would be reviewed:
animal experiments, clinical and autopsy studies, and
population studies. It further commented on the essential
nature of all three lines of evidence in reaching conclu-
sions on causality. That report and subsequent reports of
the Surgeon General, however, have given only general
guidance on assessing biologic plausibility (USDHEW

1964; USDHHS 2004). The 1964 report used the term
“coherence of the association” as one of the criteria for
causality (Table 1.2). In addressing lung cancer, the report
stated: “A final criterion for the appraisal of causal sig-
nificance of an association is its coherence with known
facts in the natural history and biology of the disease”
(USDHEW 1964, p. 185).
The 1982 report of the Surgeon General noted:

Coherence is clearly established when the actual
mechanism of disease production is defined.
Coherence exists, nonetheless, although of a
lesser magnitude, when there is enough evidence
to support a plausible mechanism, but not a
detailed understanding of each step in the chain
of events by which a given etiologic agent pro-
duces disease (USDHHS 1982, p. 20).

The 2004 report discussed coherence, plausibility,
and analogy together, commenting:

Although the original definitions of these criteria
were subtly different, in practice they have been
treated essentially as one idea: that a proposed
causal relationship not violate known scientific
principles, and that it be consistent with experi-
mentally demonstrated biologic mechanisms and
other relevant data, such as ecologic patterns of
disease.... In addition, if biologic understanding
can be used to set aside explanations other than
a causal association, it offers further support for
causality. Together, these criteria can serve both
to support a causal claim (by supporting the pro-
posed mechanism) or refute it (by showing that
the proposed mechanism is unlikely) (UISDHHS
2004, p. 22).

Hill (1965) listed both plausibility and coherence
among his nine criteria but did not offer a sharp distinction
between the two. He commented on the linkage of the
concept of plausibility to the contemporary state of knowl-
edge, and his views of coherence were largely consistent
with statements in the 1964 Surgeon General’s report.

Current evidence on mechanisms of disease causa-
tion raises issues that could not have been anticipated at
the time of the 1964 report. With advances in laboratory
research over the last several decades, researchers are
challenged to interpret molecular and cellular evidence on
mechanisms and causation. The need for new approaches
to interpret such evidence has been recognized in several
research areas including infectious diseases and cancer.
Approaches have been proposed by agencies and research-
ers that assess carcinogens.
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In infectious disease research, the arrival of molec-
ular techniques for studying microbes led to a recogni-
tion that extensions of Koch’s postulates were needed
to accommodate this new type of information (Falkow
1988; Fredericks and Relman 1996). Falkow (1988) pro-
posed “molecular Koch’s postulates” for considering the
role of specific microbial genes in pathogenicity. Freder-
icks and Relman (1996) listed seven criteria for evaluat-
ing whether a disease could be attributed to a putatively
identified pathogen, found by sequence-based methods.
They emphasized that “coherence and plausibility are
important” (p. 30). Pagano and colleagues (2004) also
acknowledged the complexities of causally linking cancer
to infectious agents.

Research has broadened and increased the literature
on mechanisms of carcinogenesis and has contributed to
a similar rationale for developing approaches to review
information on mechanisms. Approaches have been
proposed by the International Agency for Research on
Cancer (IARC) and the U.S. Environmental Protection
Agency (EPA).

In the preamble to its monographs on carcinoge-
nicity, IARC describes its approach for characterizing
the strength of evidence regarding mechanisms relevant
to the agent being evaluated (IARC 2006). For animal
experiments, IARC offers a four-level classification of the
strength of evidence, which parallels the categories of
the 2004 Surgeon General’s report: sufficient evidence
of carcinogenicity, limited evidence of carcinogenicity,
inadequate evidence of carcinogenicity, and evidence
suggesting lack of carcinogenicity. The strength of evi-
dence on mechanisms is described with terms such as
“weak,” “moderate,” or “strong.” The IARC working group
preparing the monographs is also charged with assessing
whether the mechanism is operative in humans. Guid-
ance is given for evaluating the role of a mechanism in
experimental animals. Emphasis is placed on consistency

Table 1.2 Causal criteria

across experimental systems and on biologic plausibility
and coherence.

EPA covers the identification of a “mode of action”
in its Guidelines for Carcinogen Risk Assessment (USEPA
2005). Mode of action refers to the process by which an
agent causes disease but at a less detailed and specific
level than is intended by mechanism of action. In these
guidelines, EPA modified the Hill (1965) criteria, offer-
ing its framework for evaluating evidence on mode of
action. The steps for evaluating a hypothesized mode of
action include (1) description of the hypothesized mode of
action, (2) discussion of the experimental support for this
mode of action, (3) consideration of the possibility of other
modes of action, and (4) conclusions about the hypoth-
esized mode of action. In regard to evaluating the experi-
mental support, the Guidelines list strength, consistency,
and specificity of association as considerations. The find-
ing of dose-response is given weight as is proper temporal
ordering. Finally, the Guidelines call for biologic plausibil-
ity and coherence: “It is important that the hypothesized
mode of action and the events that are part of it be based
on contemporaneous understanding of the biology of can-
cer to be accepted” (pp. 2-46). Standard descriptors for
the strength of evidence are not mentioned.

Mechanisms of Action: Necessary,
Sufficient, or Neither

For many of the diseases caused by smoking, mul-
tiple mechanisms are likely to be involved. For example,
study results indicate that general and specific DNA injury
and repair processes contribute to carcinogenesis. Causal
agents have been classified as “necessary,” “sufficient,”
or “neither necessary nor sufficient” (Rothman 1976). A
necessary cause is requisite for occurrence of the disease;

1964 Report of the Advisory Committee to the U.S. Surgeon General

Consistency of the association

Strength of the association

Specificity of the association

Temporal relationship of the association

Gl W=

Coherence of the association

Austin Bradford Hill’s criteria

Strength
Consistency
Specificity
Temporality
Biological gradient
Plausibility
Coherence
Experiment
Analogy

© ® N> O W=

Source: U.S. Department of Health, Education, and Welfare 1964; Hill 1965.
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severe acute respiratory syndrome (SARS), for example,
cannot occur without infection with the SARS coronavi-
rus. Exposure to a sufficient cause is invariably followed
by occurrence of the disease. For chronic diseases, many
causal factors are in the category “neither necessary nor
sufficient”; cigarette smoking, for example, does not cause
lung cancer in all smokers, and some cases occur among
lifetime nonsmokers.

A similar formulation of “necessary” and “suffi-
cient” might be extended to considering the mechanisms
of disease production. If there is only one pathway to a
disease, and a particular mechanism is included in that
pathway, then the mechanism is required for the develop-
ment of the disease and would be considered “necessary.”
A mechanism that is a component of one or more but not
all pathways would be considered “sufficient.” Applica-
tion of this type of classification would require a depth
of understanding of the interplay of mechanisms that has
not been reached for the pathogenesis of most diseases
caused by tobacco smoking. Consequently, the chapters of
this report largely address mechanisms of disease causa-
tion one by one without placing them into categories of
necessary, sufficient, or neither.

Description of Evidence on
Mechanisms of Disease Production

Because evidence related to mechanisms of dis-
eases caused by smoking is still evolving, this report uses
a descriptive approach in reviewing and presenting the
evidence. The chapters are based on review of the most
relevant studies at the time they were written. A summary
is given on the basis of the strength of evidence for each
mechanism considered.

As for causal inference in regard to smoking and
disease, the finding that a particular mechanism plays
a role in the production of disease by smoking has
implications. The finding could point to a biomarker indi-
cating that the pathway is active, or it could indicate the
possibility of new preventive therapies to obviate the par-
ticular pathway.

Scientific Basis of the Report
The statements and conclusions throughout this

report are documented by citation of studies published
in the scientific literature. For the most part, this report
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cites peer-reviewed journal articles, including reviews that
integrate findings from numerous studies, and books by
recognized experts. When a study has been accepted for
publication but the publication has not yet been issued,
owing to the delay between acceptance and final publica-
tion, the study is referred to as “in press.” This report also
refers, on occasion, to unpublished research such as a pre-
sentation at a professional meeting or a personal commu-
nication from the researcher. These personal references
are to acknowledge experts whose research is in progress.

Development of the Report

This report of the Surgeon General was prepared by
the Office on Smoking and Health, National Center for
Chronic Disease Prevention and Health Promotion, Cen-
ters for Disease Control and Prevention, USDHHS. Initial
chapters were written by 64 experts selected because of
their knowledge of and familiarity with the topics pre-
sented here. These contributions are summarized in
seven chapters evaluated by more than 30 peer review-
ers. The entire manuscript was then sent to more than
20 scientists and other experts, who examined it for sci-
entific integrity. After each review cycle, the drafts were
revised by the editors on the basis of the reviewers’ com-
ments. Subsequently, the report was reviewed by various
institutes and agencies within USDHHS. Publication lags,
even short ones, prevent an up-to-the-minute inclusion
of all recently published articles and data. Therefore, by
the time the public reads this report, additional studies or
data may have been published.

Throughout this report, genes are represented by
their abbreviations in italics. In many cases, proteins
and enzymes related to these genes have the same abbre-
viation, presented in roman type. Definitions, alternative
genetic symbols, related proteins and enzymes, and poly-
morphisms and variant genotypes are listed alphabetically
by gene abbreviation in the table at the end of this report,
“Definitions and Alternative Nomenclature of Genetic
Symbols Used in This Report.”

On June 22, 2009, President Barack Obama signed
into law legislation granting authority to the U.S.
Food and Drug Administration to regulate all tobacco
products (Family Smoking Prevention and Tobacco
Control Act 2009 [Public Law 111-31]). Terms used
in this report reflect terms in the scientific literature
and may not meet the definitions under the Tobacco
Control Act.
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Major Conclusions

The scientific evidence supports the following major
conclusions:

1. The evidence on the mechanisms by which smoking
causes disease indicates that there is no risk-free level
of exposure to tobacco smoke.

2. Inhaling the complex chemical mixture of combus-
tion compounds in tobacco smoke causes adverse
health outcomes, particularly cancer and cardiovas-
cular and pulmonary diseases, through mechanisms
that include DNA damage, inflammation, and oxida-
tive stress.

3. Through multiple defined mechanisms, the risk and
severity of many adverse health outcomes caused by
smoking are directly related to the duration and level
of exposure to tobacco smoke.

Chapter Conclusions

4. Sustained use and long-term exposures to tobacco
smoke are due to the powerfully addicting effects
of tobacco products, which are mediated by diverse
actions of nicotine and perhaps other compounds, at
multiple types of nicotinic receptors in the brain.

5. Low levels of exposure, including exposures to sec-
ondhand tobacco smoke, lead to a rapid and sharp
increase in endothelial dysfunction and inflamma-
tion, which are implicated in acute cardiovascular
events and thrombosis.

6. There is insufficient evidence that product modifica-
tion strategies to lower emissions of specific toxicants
in tobacco smoke reduce risk for the major adverse
health outcomes.

Chapter 2. The Changing Cigarette

1. The evidence indicates that changing cigarette
designs over the last five decades, including filtered,
low-tar, and “light” variations, have not reduced over-
all disease risk among smokers and may have hin-
dered prevention and cessation efforts.

2. There is insufficient evidence to determine whether
novel tobacco products reduce individual and popula-
tion health risks.

3. The overall health of the public could be harmed if
the introduction of novel tobacco products encour-
ages tobacco use among people who would otherwise
be unlikely to use a tobacco product or delays cessa-
tion among persons who would otherwise quit using
tobacco altogether.

Chapter 3. Chemistry and
Toxicology of Cigarette Smoke and
Biomarkers of Exposure and Harm

1. In spite of uncertainties concerning whether par-
ticular cigarette smoke constituents are responsible
for specific adverse health outcomes, there is broad
scientific agreement that several of the major classes
of chemicals in the combustion emissions of burned
tobacco are toxic and carcinogenic.

2. The design characteristics of cigarettes, including
ventilation features, filters, and paper porosity, have
a significant influence on the levels of toxic and carci-
nogenic chemicals in the inhaled smoke.

3. The different types of tobacco lamina (e.g., bright,
burley, or oriental) that are combined to produce a
specific tobacco blend have a significant influence on
the levels of toxic and carcinogenic chemicals in the
combustion emissions of burned tobacco.

4. There is no available cigarette machine-smoking
method that can be used to accurately predict doses of
the chemical constituents of tobacco smoke received
when using tobacco products.
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Tobacco-specific biomarkers (nicotine and its metab-
olites and the tobacco-specific nitrosamines) have
been validated as quantitative measures of exposure
to tobacco smoke among smokers of cigarettes of
similar design who do not use other tobacco-contain-
ing products.

Although biomarkers of potential harm exist for most
tobacco-related diseases, many are not specific to
tobacco and levels are also influenced by diet, occupa-
tion, or other lifestyle or environmental factors.

Chapter 4. Nicotine Addiction:
Past and Present

1.

Nicotine is the key chemical compound that causes
and sustains the powerful addicting effects of com-
mercial tobacco products.

The powerful addicting effects of commercial tobacco
products are mediated by diverse actions of nicotine
at multiple types of nicotinic receptors in the brain.

Evidence is suggestive that there may be psychoso-
cial, biologic, and genetic determinants associated
with different trajectories observed among popula-
tion subgroups as they move from experimentation to
heavy smoking.

Inherited genetic variation in genes such as CYP246
contributes to the differing patterns of smoking
behavior and smoking cessation.

Evidence is consistent that individual differences in
smoking histories and severity of withdrawal symp-
toms are related to successful recovery from nicotine
addiction.

Chapter 5. Cancer

1.

The doses of cigarette smoke carcinogens resulting
from inhalation of tobacco smoke are reflected in lev-
els of these carcinogens or their metabolites in the
urine of smokers. Certain biomarkers are associated
with exposure to specific cigarette smoke carcinogens,
such as urinary metabolites of the tobacco-specific
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone and hemoglobin adducts of aro-
matic amines.

The metabolic activation of cigarette smoke carcino-
gens by cytochrome P-450 enzymes has a direct effect
on the formation of DNA adducts.

10 Chapter 1

10.

There is consistent evidence that a combination of
polymorphisms in the CYPIAI and GSTMI genes
leads to higher DNA adduct levels in smokers and
higher relative risks for lung cancer than in those
smokers without this genetic profile.

Carcinogen exposure and resulting DNA damage
observed in smokers results directly in the numerous
cytogenetic changes present in lung cancer.

Smoking increases the frequency of DNA adducts of
cigarette smoke carcinogens such as benzo[a]pyrene
and tobacco-specific nitrosamines in the lung and
other organs.

Exposure to cigarette smoke carcinogens leads to
DNA damage and subsequent mutations in 7P53 and
KRAS in lung cancer.

There is consistent evidence that smoking leads to the
presence of promoter methylation of key tumor sup-
pressor genes such as P16 in lung cancer and other
smoking-caused cancers.

There is consistent evidence that smoke constituents
such as nicotine and 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone can activate signal transduction
pathways directly through receptor-mediated events,
allowing the survival of damaged epithelial cells that
would normally die.

There is consistent evidence for an inherited sus-
ceptibility of lung cancer with some less common
genotypes unrelated to a familial clustering of smok-
ing behaviors.

Smoking cessation remains the only proven strategy
for reducing the pathogenic processes leading to can-
cer in that the specific contribution of many tobacco
carcinogens, alone or in combination, to the develop-
ment of cancer has not been identified.

Chapter 6. Cardiovascular Diseases

1.

There is a nonlinear dose response between expo-
sure to tobacco smoke and cardiovascular risk, with
a sharp increase at low levels of exposure (including
exposures from secondhand smoke or infrequent
cigarette smoking) and a shallower dose-response
relationship as the number of cigarettes smoked per
day increases.

Cigarette smoking leads to endothelial injury and
dysfunction in both coronary and peripheral arter-
ies. There is consistent evidence that oxidizing
chemicals and nicotine are responsible for endothe-
lial dysfunction.
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Tobacco smoke exposure leads to an increased risk
of thrombosis, a major factor in the pathogenesis of
smoking-induced cardiovascular events.

Cigarette smoking produces a chronic inflamma-
tory state that contributes to the atherogenic disease
processes and elevates levels of biomarkers of
inflammation, known powerful predictors of cardio-
vascular events.

Cigarette smoking produces an atherogenic lipid pro-
file, primarily due to an increase in triglycerides and a
decrease in high-density lipoprotein cholesterol.

Smoking cessation reduces the risk of cardiovascular
morbidity and mortality for smokers with or without
coronary heart disease.

The use of nicotine or other medications to facilitate
smoking cessation in people with known cardiovas-
cular disease produces far less risk than the risk of
continued smoking.

The evidence to date does not establish that a reduc-
tion of cigarette consumption (that is, smoking fewer
cigarettes per day) reduces the risks of cardiovascu-
lar disease.

Cigarette smoking produces insulin resistance and
chronic inflammation, which can accelerate macro-
vascular and microvascular complications, including
nephropathy.

Chapter 7. Pulmonary Diseases

1.

Oxidative stress from exposure to tobacco smoke has
a role in the pathogenetic process leading to chronic
obstructive pulmonary disease.

Protease-antiprotease imbalance has a role in the
pathogenesis of emphysema.

Inherited genetic variation in genes such as SER-
PINA3 is involved in the pathogenesis of tobacco-
caused chronic obstructive pulmonary disease.

Smoking cessation remains the only proven strategy
for reducing the pathogenetic processes leading to
chronic obstructive pulmonary disease.

Chapter 8. Reproductive and
Developmental Effects

1.

There is consistent evidence that links smoking in
men to chromosome changes or DNA damage in
sperm (germ cells), affecting male fertility, pregnancy
viability, and anomalies in offspring.

10.

11.

12.

There is consistent evidence for association of peri-
conceptional smoking to cleft lip with or without
cleft palate.

There is consistent evidence that increases in follicle-
stimulating hormone levels and decreases in estrogen
and progesterone are associated with cigarette smok-
ing in women, at least in part due to effects of nicotine
on the endocrine system.

There is consistent evidence that maternal smoking
leads to transient increases in maternal heart rate and
blood pressure (primarily diastolic), probably medi-
ated by the release of norepinephrine and epinephrine
into the circulatory system.

There is consistent evidence that links maternal
smoking to interference in the physiological transfor-
mation of spiral arteries and thickening of the villous
membrane in forming the placenta; placental prob-
lems could lead to fetal loss, preterm delivery, or low
birth weight.

There is consistent evidence of the presence of histo-
pathologic changes in the fetus from maternal smok-
ing, particularly in the lung and brain.

There is consistent evidence that suggests smoking
leads to immunosuppressive effects, including dys-
regulation of the inflammatory response, that may
lead to miscarriage and preterm delivery.

There is consistent evidence that suggests a role
for polycyclic aromatic hydrocarbons from tobacco
smoke in the adverse effects of maternal smoking on a
variety of reproductive and developmental endpoints.

There is consistent evidence that tobacco smoke
exposure leads to diminished oviductal functioning,
which could impair fertilization.

There is consistent evidence that links prenatal
smoke exposure and genetic variations in metaboliz-
ing enzymes such as GSTT1 with increased risk of
adverse pregnancy outcomes such as lowered birth
weight and reduced gestation.

There is consistent evidence that genetic polymor-
phisms, such as variants in transforming growth fac-
tor-alpha, modify the risks of oral clefting in offspring
related to maternal smoking.

There is consistent evidence that carbon monoxide
leads to birth weight deficits and may play a role in
neurologic deficits (cognitive and neurobehavioral
endpoints) in the offspring of smokers.
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Introduction

Cigarettes are the most common form of tobacco
used in most of the world (World Health Organization
[WHO] 2006) and cause 443,000 deaths in the United
States each year (U.S. Department of Health and Human
Services [USDHHS] 1986, 1988; National Cancer Institute
[NCI] 1997; Centers for Disease Control and Prevention
[CDC] 2008). The primary short- and long-range strate-
gies for reducing deaths associated with tobacco use are
cessation and prevention, respectively, along with reduc-
tion of secondhand smoke exposure (Warner et al. 1998;
USDHHS 2000; Stratton et al. 2001; WHO 2003a). Another
concept that has been considered is changing the ciga-
rette itself to make it less toxic. The concept of modify-
ing conventional cigarettes to be potentially less harmful
is not new. Beginning in the 1950s, the tobacco industry
embarked on efforts to modify cigarettes in response to

growing public awareness of the health hazards of tobacco
use, primarily through reducing machine-measuredtarand
nicotine content (NCI 1996). However, evidence now dem-
onstrates that these modifications did not reduce the risk
of cigarette smoking and in addition may have undermined
efforts to prevent tobacco use and promote cessation
(NCI 2001). In recent years, a range of new products have
been introduced and marketed to smokers as an alterna-
tive to conventional cigarettes, sometimes accompanied
by messages, explicit or implied, that they offer reduced
exposure to toxic substances or risk of disease (Peder-
son and Nelson 2007). The focus of this chapter is on the
health consequences of changes in cigarette design over
time. Coverage of novel cigarette products is not intended
to be comprehensive or current, because this market is
rapidly evolving.

Cigarette Design Changes over the Years

The history of tobacco product design and mar-
keting has been discussed elsewhere and need not be
repeated (Reynolds and Shachtman 1989; Goodman 1993,
2004; Hilts 1996; Kluger 1996; Tate 1999; Brandt 2007).
However, the tobacco industry’s internal memoranda and
other documents make it clear that the core concept and
function of the cigarette has changed little since its inven-
tion in the early part of the nineteenth century; namely,
it is a tobacco-derived product for delivering nicotine
to the user (University of California at San Francisco
[UCSF] 2008).

By the early 1950s, mounting scientific evidence
began to implicate cigarette smoking in the develop-
ment of serious respiratory, heart, and neoplastic diseases
(Royal College of Physicians of London 1962; U.S. Depart-
ment of Health, Education, and Welfare [USDHEW] 1964).
This evidence created a new force in cigarette design that
has remained prominent to this day: to design cigarettes
that could be marketed as addressing the health concerns
of both cigarette smokers and health professionals by re-
ducing toxicants (Slade and Henningfield 1998; Stratton
et al. 2001). Early efforts to reduce toxicants focused on
efforts to reduce the overall tar (e.g., total particulate mat-
ter minus nicotine and water content) and nicotine yields
of cigarettes.

The first major design change to reduce tar and nic-
otine yields was the introduction of filters in the 1950s.

Before 1950, only 0.6 percent of cigarettes were filtered,
but the increasing lay press coverage of the potential
dangers of smoking led to an explosion of filter development
and marketing. By 1960, filtered cigarettes represented 51
percent of the cigarette market (USDHHS 1989). By 2005,
they represented 99 percent of the market. Major design
efforts to reduce machine-measured tar and nicotine
yields continued throughout the 1960s and 1970s with the
introduction of “light” and low-tar cigarettes. Efforts to
further reduce machine-measured tar and nicotine yields
included the use of porous cigarette paper, reconstituted
tobacco, filter tip ventilation, and the use of expanded
tobacco (Hoffmann et al. 1996).

The initial focus on reduction of tar and nicotine
yields was supported by early case-control studies sug-
gesting that cancer risks were reduced by increased use of
filters and decreased machine-measured tar delivery, and
laboratory studies appeared to confirm this dose-response
relationship. This research led to the seemingly reasonable
conclusion that cigarettes with lower machine-measured
tar and nicotine might pose fewer hazards, assuming that
smokers did not increase the number of cigarettes they
smoked per day or otherwise change their smoking behav-
iors (USDHEW 1967, 1969, 1971, 1974; USDHHS 1981;
Stratton et al. 2001). Thus, it was widely accepted that
declining tar and nicotine levels could lead to decreased
disease risk. The concept that reduced exposure to
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toxicants could reduce disease risk was supported
by previous Surgeon General’s reports (USDHEW
1969). In 1966, the U.S. Public Health Service rec-
ommended “the progressive reduction of the ‘tar’
and nicotine content of cigarette smoke” (USDHEW
1966, p. 2), and the Federal Trade Commission (FTC)
announced that it would generally permit cigarette com-
panies to make marketing claims about tar and nicotine
yields as long as those statements were based on a uni-
form machine-based test method for measuring tar and
nicotine yields, subsequently known as “the FTC method”
(Peeler 1996; Pillsbury 1996).

Efforts to reduce tar and nicotine yields as measured
on the basis of machine-smoking conditions were success-
ful. The sales-weighted deliveries in U.S. cigarette smoke
decreased from 38 milligrams (mg) of tar and 2.7 mg of
nicotine in 1954 to 12 mg of tar and 0.95 mg of nicotine
in 1993 (Hoffmann et al. 1996). Machine measurements
of tar have shown little change since then, and machine
measurements of nicotine delivery have remained at
approximately 0.9 mg per cigarette since 1981 (Federal
Register 1995, 1996; Slade et al. 1995; Hurt and Robertson
1998; Kessler 2001).

Unfortunately, with the accrual and evaluation of
additional data, the evidence today does not demonstrate
that efforts to lower machine-measured tar and nicotine
yields actually decreased the health risks of smoking, pri-
marily because these changes did not reduce smokers’
actual exposure to tobacco toxicants (NCI 2001; USDHHS
2004). Indeed, to the extent that filters and other efforts
to reduce machine-measured tar and nicotine reduced
smokers’ health concerns, and thereby delayed quitting
and/or increased cigarette use, they may have contributed
to an overall increase in cigarette-caused mortality (Strat-
ton et al. 2001).

As mentioned above, for example, the first effort to
change the design of cigarettes was the addition of the fil-
ter. In theory, use of filter technologies can remove sub-
stantial amounts of a wide variety of toxicants (Browne
1990; Hoffmann and Hoffmann 1997). In fact, however,
evidence on the ability of filters to reduce harm is not
clear (Slade 1993; NCI 2001; Stratton et al. 2001). And,
some novel filter designs may introduce new toxicants
such as asbestos (Slade 1993), carbon (Pauly et al. 1997),
and glass (Pauly et al. 1998). The wide variation in filter
technology across brands and over time precludes general
conclusions about whether filters increased or decreased
exposure of smokers to toxicants.

Similarly, a variety of design features made it pos-
sible for cigarette smokers to compensate, that is, easily
ingest severalfold higher amounts of tar and nicotine than
the yields obtained when using the machine-based FTC
method (Djordjevic et al. 2000; NCI 2001; Stratton et al.

16 Chapter 2

2001; WHO 2003c). Most important was the introduction
of ventilation holes in the cigarette filters, which allowed
smoke to escape during machine testing. In the 1980s,
researchers discovered that smokers covered these venti-
lation holes with their fingers, negating the effect of the
holes in reducing smoke exposure (Kozlowski et al. 1980,
2002, 2006). Moreover, subsequent research demonstrated
that the use of ventilation holes produced higher levels of
free-base nicotine, which led to a more addictive product
as well as deeper lung inhalation of cooler and less harsh
smoke (Stratton et al. 2001; Pankow et al. 2003a,b; Watson
et al. 2004). Driven by nicotine addiction and enabled by
cigarettes that delivered smoother, cooler smoke diluted
by ambient air, smokers could easily compensate for
reduced delivery of nicotine by increasing smoke intake
per cigarette and per day, thus maintaining high levels of
disease risk (NCI 2001; Thun and Burns 2001).

Tobacco industry documents, many of which are
available at the Legacy Tobacco Documents Library at
UCSF, clearly demonstrate that at least by the mid-1970s
the tobacco industry well understood the importance of
creating health reassurance messages in order to alleviate
health concerns, and that one important method of doing
so was through claims of low deliveries of tar. For example,
a 1977 British American Tobacco marketing report con-
cluded, “All work in this area should be directed towards
providing consumer reassurance (emphasis in original)
about cigarettes and the smoking habit. This can be pro-
vided in different ways, e.g. by claimed low deliveries, by
the perception of low deliveries and by the perception of
‘mildness” (Short 1977, p. 3). At the same time, tobacco
company documents also clearly demonstrate that the
industry understood that smokers would not achieve the
claimed deliveries because of smoker compensation. For
example, a 1975 Philip Morris memo noted: “In effect, the
Marlboro 85 smokers in this study did not achieve any
reduction in smoke intake by smoking a cigarette (Marl-
boro Lights) normally considered lower in delivery”
(Goodman 1975, p. 3).

In contrast to industry awareness, the various ways
that cigarettes were physically modified and the nature
and level of compensation in response to design changes
were not well understood by parties outside of the tobacco
industry itself. Public health officials had little basis
to anticipate the degree to which manufacturers could
design cigarettes to allow smokers to draw more smoke
and nicotine from cigarettes than was represented by
machine-measured yields of tar and nicotine (NCI 2001;
Parascandola 2005).

It was not until the turn of the twenty-first century
that it became increasingly clear that no relationship
existed between machine-measured tar and nicotine levels
and risks for most categories of cigarette-related diseases.
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In 1994, an expert committee convened by NCI concluded:
“The smoking of cigarettes with lower machine-measured
yields has a small effect in reducing the risk of cancer
caused by smoking, no effect on the risk of cardiovascular
diseases, and an uncertain effect on the risk of pulmonary
disease” (NCI 1996, p. vi). Moreover, whereas squamous
cell carcinomas had been the predominant form of lung
cancer, by the late twentieth century adenocarcinoma
of the lung was becoming increasingly common, pre-
sumably reflecting deeper inhalation of smoke that was
facilitated by ventilated filters as well as other factors
such as changes in agricultural practices, tobacco curing,
and cigarette manufacturing processes that could lead to
increased concentrations of tobacco-specific nitrosamines
(NCI 2001; Stratton et al. 2001) (see Chapter 5, “Cancer”).
By 2001, NCI concluded that “measurements of tar and
nicotine yields using the FTC method do not offer smok-
ers meaningful information on the amount of tar and
nicotine they will receive from a cigarette” (NCI 2001,
p. 10). The 2001 review also concluded that the evidence
“...does not indicate a benefit to public health from
changes in cigarette design and manufacturing over the
last fifty years” (NCI 2001, p. 10). Today, there is a scien-
tific consensus that changes in cigarette designs from the
1950s to the 1980s to reduce machine-measured tar yields

New Cigarette Products

did not result in decreased morbidity and mortality (NCI
2001; Thun and Burns 2001). In sum, it took decades to
recognize that changes to reduce machine-measured tar
and nicotine yields in cigarettes did not have a measurable
beneficial impact on public health (NCI 2001). In 2008,
FTC rescinded its 1966 guidance that generally permitted
statements concerning tar and nicotine yield if they were
based on the Cambridge filter method (sometimes called
the FTC method) (FTC 2008).

Other changes during the past 50 years have
included efforts that potentially have made cigarettes
more addicting through the use of flavors, chemical
treatments to alter the smell and appearance of cigarette
smoke, methods to mask noxious sensory effects, and con-
trol of the nicotine dose (see Chapter 4, “Nicotine Addic-
tion: Past and Present”). These approaches included new
types of filters, tobacco blends, and ingredients; cigarette
ventilation; control of pH; and efforts to reduce various
volatile organic compounds in tobacco and smoke. These
product modifications have the potential to increase the
risk of addiction by contributing to increased risk of ini-
tiating use of the product, increased ease of smoke inha-
lation, decreased noxiousness of the smoke, and possibly
increased brain nicotine exposure (WHO 2007; Chapter 4,
“Nicotine Addiction: Past and Present”).

Cigarette smoke contains more than 7,000 chemi-
cals, including at least 69 known carcinogens and many
other toxicants implicated in major diseases (Inter-
national Agency for Research on Cancer [IARC] 2004;
Borgerding and Klus 2005; Rodgman and Perfetti
2009), and because the potency of toxicants and mecha-
nisms of action differ, reducing concentrations of indi-
vidual toxicants might have only a negligible effect on
disease risk from smoking (Fowles and Dybing 2003;
Pankow et al. 2007; Burns et al. 2008). Despite these chal-
lenges, Brown & Williamson (acquired by R.J. Reynolds
in 2004), Vector Tobacco, and Philip Morris have all
developed cigarettes that purport to deliver lower levels
of specific toxicants (e.g., carcinogenic nitrosamines) as
determined by standard machine-smoking methods. This
reduction in toxicant levels has been accomplished by use
of new technologies in tobacco curing and/or by adding car-
bon or other materials to cigarette filters (Hoffmann et al.
2001; TARC 2004). However, the extent to which exposure
to toxicants is actually reduced in smokers is not known
because reduced machine-measured yields of toxicants do
not necessarily reflect actual human exposure. A smoker

who switches to a brand with lower machine-measured
toxicants may smoke these cigarettes in a more intense
fashion or may consume more cigarettes per day than
previously. Either change could result in greater human
exposure to toxicants and no decrease in risk of disease.

For example, Brown & Williamson introduced
Advance as a new cigarette with the claim that levels of
tobacco-specific nitrosamines (TSNAs) were 70 percent
lower than those in leading “light” brands (Star Scientific
2005). Preliminary laboratory studies of cigarette smokers
provide mixed evidence for the possibility that use of this
cigarette substitute would result in reduced exposure to
tobacco toxicants (Breland et al. 2002, 2003). Omni, man-
ufactured by Vector Tobacco, is a conventional cigarette
for which the marketers claimed lower levels of carcino-
genic polycyclic aromatic hydrocarbons, nitrosamines,
and catechols (Vector Group 2001). Preliminary studies
in which Omni is smoked instead of the smokers’ usual
brand of cigarettes provide little evidence for reduced
exposure to toxicants (Hatsukami et al. 2004b; Hughes et
al. 2004).
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Low-Nicotine Cigarettes

In theory, gradually reducing the content and yield
of nicotine in cigarettes over a period of many years,
using design features that make compensation difficult or
impossible, might lessen smokers’ dependence on nico-
tine. Low-nicotine cigarettes have also been proposed as
a method to prevent new smokers (primarily youth) from
ever establishing nicotine dependence (Benowitz and
Henningfield 1994; Henningfield et al. 1998; Benowitz
et al. 2007; Zeller et al. 2009). However, the potential
role of nicotine analogues in maintaining addiction is
poorly understood.

A commercial cigarette with very low nicotine
content was introduced in test markets in 1989 under
the brand name Next (Butschky et al. 1995). The nico-
tine content of Next appeared to be lower than the levels
hypothesized by Benowitz and Henningfield (1994) to be

Cigarette-Like Products

the addictive threshold. The test market ended in 1991
when Philip Morris withdrew the product from the mar-
ket. Quest was a low-nicotine cigarette developed by Vec-
tor Tobacco (Rose and Behm 2004; Vector Tobacco 2004).
Three products were available: (1) a cigarette with 0.6
mg of nicotine and 10 mg of tar per cigarette, as deter-
mined by FTC machine measurements; (2) a cigarette
with 0.3 mg of nicotine and 10 mg of tar per cigarette;
and (3) a “nicotine-free” cigarette with no more than
0.05 mg of nicotine and 10 mg of tar per cigarette (Vec-
tor Tobacco 2004). It was unclear how long and how
often smokers would use the “nicotine-free” version rather
than versions that contained higher levels of nicotine and
whether the two versions with nicotine would hinder the
desire and ability to stop smoking.

In 1988, R.J. Reynolds launched a new era of novel
products with Premier, a nicotine-delivering product
similar in size and appearance to a conventional cigarette
but consisting of an aluminum canister that contained
alumina beads impregnated with glycerin, propylene gly-
col, and a nicotine-rich tobacco extract (Slade 1993; Slade
and Henningfield 1998). Heat from a carbon fuel element
vaporized material adjacent to the alumina beads, and
these vapors condensed into more proximal segments to
form the aerosol that was puffed and inhaled by the con-
sumer (Slade and Henningfield 1998). Compared with
conventional cigarettes, Premier delivered similar doses
of nicotine, higher levels of carbon monoxide (CO), and
reduced levels of many other toxicants (WHO 2001). Pre-
mier was test marketed in the United States in 1988 but
was soon withdrawn because of poor sales (Slade and
Henningfield 1998).

More recently, tobacco companies have developed
several other novel cigarette-like products that deliver
nicotine to the consumer (Stratton et al. 2001; Slade
et al. 2002). Eclipse (R.J. Reynolds) uses a technology
similar to that developed for Premier (Slade and Hen-
ningfield 1998; Slade et al. 2002): the heat source is
a carbon fuel element, and nicotine and glycerin are
vaporized from an aluminum-lined chamber filled
with what the manufacturer described as “highly
processed tobacco” and mixed with glycerin. Both
human and machine-testing data indicate that these prod-
ucts provide no clear benefit to users over conventional
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cigarettes. A report commissioned by the Commonwealth
of Massachusetts Department of Public Health found that
intensive machine smoking of Eclipse delivered levels of
key lung and cancer-causing toxicants (e.g., acrolein, CO)
similar to, or higher than, those from two commercial
cigarette brands (Labstat 2000). A complication in evalu-
ating the toxicity of Eclipse is that several prototypes were
test marketed (Slade et al. 2002). It is not clear whether
changes not disclosed by the manufacturer account for
the variability across studies (Stapleton et al. 1998; Lee et
al. 2004; Breland et al. 2006). Nonetheless, it appears that
volunteers who had been exposed to Eclipse (Shiffman et
al. 2004; Hughes et al. 2005) or had heard of it believed it
to be less harmful than conventional cigarettes. Further-
more, concerns have been raised that Eclipse and Premier
could be modified to deliver other drugs, including illicit
drugs (Cone and Henningfield 1989; Steckley et al. 2002).
Accord (Philip Morris) consists of a specially
designed “cigarette” used in combination with an igni-
tion system (Slade and Henningfield 1998). The handheld,
battery-operated, microchip-controlled product heats
a cigarette-like tobacco roll when it is puffed (Slade and
Henningfield 1998). Although actual-use studies of Accord
have not been performed, preliminary laboratory studies
with volunteers suggest the possibility that actual human
exposure to nicotine and toxicants might substantially
exceed that predicted by Philip Morris’ tests (Buchhalter
et al. 2001; Breland et al. 2002; Philip Morris USA 2005).
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Evaluation of New Cigarette Products

The health consequences of new cigarette products
have not been demonstrated in scientific studies. The
challenges include a need for development and valida-
tion of testing methods for new products (WHO 2004b).
Extended nonlaboratory studies under natural condi-
tions with a broader range of biomarkers of toxicants are
required to determine whether novel products result in
overall reduction of exposure to toxicants, and still longer
and more extensive studies would be required to deter-
mine whether or not the disease risk of the individual or
population harm are decreased (WHO 2004a, 2007; Hatsu-
kami et al. 2007). For example, products delivering lower
levels of nitrosamines might theoretically reduce cancer
risks, but because many of these products still deliver nic-
otine and CO, cardiovascular risks may remain unchanged
or may even increase. In addition, if TSNAs are removed,
other potent carcinogens may sustain overall high levels
of exposure to carcinogens (Fowles and Dybing 2003).

There are substantial risks that the marketing of
novel cigarettes could lead to increased tobacco use in
current smokers, relapse in former smokers, and initia-
tion in those who never smoked, particularly youth (Hen-
ningfield et al. 2003; Hatsukami et al. 2004a, 2005). For
example, in a survey of 1,000 current cigarette smokers
and 499 former smokers older than 18 years of age, 91
percent thought Eclipse was safer than regular cigarettes,
24 percent believed Eclipse was completely safe, and
57.4 percent were interested in using the product (Shiff-
man et al. 2004). Interest was greatest among those who
were contemplating smoking cessation, and exposure
to Eclipse’s claims was followed by a reduced interest in
cessation. Those interested in using Eclipse included 6.2
percent of all former smokers and 15.2 percent of young
adults 18 through 25 years of age who had stopped smok-
ing within the past two years. Further extending these
findings, Hamilton and colleagues (2004) found that
advertisements for light cigarettes were perceived to im-
ply that their use is healthier than use of regular ciga-
rettes, partly because consumers wrongly believed that
the advertisements must be approved and endorsed by a
government agency.

In addition, products designed or marketed to
be used in places where smoking is not allowed may
defeat public health efforts to reduce smoking rates. For
example, studies have found that having a 100-percent
smoke-free workplace reduced smoking prevalence by

6 to 22 percent and average daily consumption by up to
14 percent among smokers compared with workers sub-
ject to minimal or no restrictions (Farrelly et al. 1999;
NCI 2000; USDHHS 2000; Bonnie et al. 2007). Products
that enable nicotine consumption in the workplace and
other places could reverse these potential reductions in
smoking prevalence through use of one product in the
workplace and continued smoking outside, that is, dual
product use (Henningfield et al. 2002; European Commis-
sion 2007). Moreover, the dual use of tobacco products is
likely to result in greater exposure to toxicants than does
use of either product type alone (Henningfield et al. 2002).

Balancing the risks and benefits of new cigarette
products is challenging because of the diversity of prod-
ucts, their associated potential risks and benefits on the
multitude of tobacco-related diseases, and the dearth of
empirical data on their effects. The 2001 Institute of Medi-
cine (IOM) report (Stratton et al. 2001) and a report from
the University of Minnesota Transdisciplinary Tobacco Use
Research Center raised a series of questions about these
and similar products (Hughes 2000; Stratton et al. 2001;
Hatsukami and Hecht 2005; Hatsukami et al. 2005). WHO
developed similar scientific questions, as well as recom-
mendations for research and product testing (WHO 2003d,
2004a, 2006, 2007). Although all the questions raised by
these organizations merit consideration, the following
questions are a critical starting point for evaluating new
cigarette or cigarette-like products:

e Does use of the product decrease individual and
population exposure to the harmful substances in
tobacco smoke?

¢ s this decreased exposure associated with a decrease
in individual and population risk of disease?

e Are there surrogate indicators of disease risk that
could be measured in a timeframe of sufficient
duration for product evaluation?

e What are the public health implications of products
that may reduce exposure to toxicants in tobacco
smoke? Specifically, do these products increase ini-
tiation of tobacco use, decrease cessation, promote
relapse among those who have quit, or lead to dual
product use?
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New Oversight of Tobacco Products

On June 22, 2009, President Barack Obama signed
into law the Family Smoking Prevention and Tobacco
Control Act (Public Law 111-31). The Tobacco Control
Act grants the U.S. Food and Drug Administration (FDA)
the authority to regulate tobacco products to protect the
public’s health and recognizes FDA as the primary federal
regulatory authority with respect to the manufacture,
marketing, and distribution of tobacco products. Key ele-
ments of the act include, among other things, creation
of a new Center for Tobacco Products, prohibition of the
sale of cigarettes containing certain characterizing fla-
vors, the requirement that manufacturers and importers
report to FDA the ingredients and additives in their prod-
ucts, strengthened warning labels with graphic images of
the adverse effects of cigarette use, and oversight of the
tobacco industry’s efforts to develop and market potential
reduced-exposure tobacco products. The Tobacco Control
Act also requires FDA to reissue the agency’s 1996 regula-
tion aimed at reducing young people’s access to tobacco
products and curbing the appeal of tobacco to the young.
Although some provisions of the act went into effect
shortly after the statute was enacted, such as the ban on
flavored cigarettes, others will be implemented over time.

Sections 910 and 911 of the Tobacco Control Act
provide that premarket review of certain tobacco products
by FDA is required before the products may be marketed.
Section 910 requires manufacturers of new tobacco prod-
ucts (those not commercially marketed as of February 15,

Summary

2007, or modified after that date) to submit an application
containing specified manufacturing and ingredient infor-
mation, as well as studies of the product’s health risks, for
FDA review. After reviewing the application, the agency
will issue an order either permitting the product to be
marketed or denying its marketing according to specified
bases for its action. New tobacco products determined by
FDA to be substantially equivalent to products already on
the market as of February 15, 2007, are not required to
undergo premarket review.

Section 911 provides that “modified risk tobacco
products” may only be marketed if FDA determines,
after reviewing a product application, that the product will
significantly reduce the risk of tobacco-related disease to
individual users, and benefit the health of the population
as a whole, taking into account the impact on both users
and nonusers of tobacco products. Section 911 recognizes
so-called special rule products, which also require pre-
market approval. Such products may be marketed for up
to five years (subject to renewal) if the agency determines
that the applicant has met specified criteria, the applicant
agrees to conduct certain postmarket surveillance and
studies, and other specified findings regarding the relative
harm of the product are made. Under this section, FDA
must issue guidance or regulations on the scientific evi-
dence required for the assessment and ongoing review of
modified-risk tobacco products in consultation with IOM.

To reduce smoking-attributable death and disease,
public health efforts since the 1964 Surgeon General’s
report on smoking and health have focused on reduc-
ing the prevalence of tobacco use. Reduced prevalence
has been achieved through efforts to prevent tobacco use
and promote cessation; this effort has been termed one of
the “ten great public health achievements of the twenti-
eth century” (CDC 1999). At the time the adverse effects
of smoking were being recognized, the tobacco industry
developed cigarettes with low machine-measured yields
of tar and nicotine, and public health authorities encour-
aged consumers to select them (Peeler 1996; Shopland
2001). Unfortunately, it took public health researchers
and federal authorities many years to discover what the
tobacco industry knew much earlier: the health benefits
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of reductions of tar and nicotine intakes were negligible
at best for persons using these products (Federal Register
1995, 1996; NCI 2001; WHO 2001; U.S. v. Philip Morris No.
449 F. Supp. 2d 1, 430-75 [D.D.C. 2006]). In 2001, an NCI
report concluded: “There is no convincing evidence that
changesin cigarette designbetween 1950 and the mid 1980s
have resulted in an important decrease in the disease bur-
den caused by cigarette use either for smokers as a group
or for the entire population” (NCI 2001, p. 146). Thus, by
the twenty-first century, it was apparent that five decades
of evolving cigarette design had not reduced overall disease
risk among smokers, and new designs were used by the
tobacco industry as a tool to undermine prevention and
cessation efforts (NCI 2001; Stratton et al. 2001; WHO
2001, 2003a,b,c; USDHHS 2004).
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Similarly, informative and comprehensive scientific
evaluations do not exist for any of the other new prod-
ucts developed ostensibly to reduce toxicants in cigarette
smoke. This lack of data limits any conclusions that can be
drawn about potential health risks or benefits.

The well-documented risks of cigarette design
changes must be weighed against any potential benefits
(Stratton et al. 2001). As this chapter makes clear, sub-
stantial risks may be associated with new tobacco prod-
ucts: (1) smokers who might have otherwise stopped
smoking may continue to smoke because of perceived
reduction in risk with use of new products; (2) former
smokers may resume smoking because of perceived reduc-
tion in risk with use of new products; and (3) nonsmokers,
particularly youth, may start to use new products because

Conclusions

of their perceived safety. The theoretical benefit of ciga-
rette design changes is to reduce exposure to toxicants suf-
ficiently to reduce the risk of disease and death. However,
if these products are used by persons otherwise unlikely
to use a tobacco product, which would undermine efforts
to prevent tobacco use, or if the products delay cessation
among persons who would otherwise stop using tobacco,
the overall health of the population would be harmed.

There is little doubt that new tobacco products will
continue to be developed. Consequently, there is a criti-
cal need to conduct independent research on the design,
composition, and health effects of new cigarette products
and to put in place a comprehensive surveillance sys-
tem to understand consumers’ knowledge, attitudes, and
behaviors regarding these products.

1. The evidence indicates that changing cigarette
designs over the last five decades, including filtered,
low-tar, and “light” variations, have not reduced over-
all disease risk among smokers and may have hin-
dered prevention and cessation efforts.

2. There is insufficient evidence to determine whether
novel tobacco products reduce individual and popula-
tion health risks.

3. The overall health of the public could be harmed if
the introduction of novel tobacco products encour-
ages tobacco use among people who would otherwise
be unlikely to use a tobacco product or delays cessa-
tion among persons who would otherwise quit using
tobacco altogether.
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Introduction

This chapter summarizes the state of knowledge
about the chemistry and toxicology of cigarette smoke and
provides data relevant to the evaluations and conclusions
presented in the disease-specific chapters of this report.
The literature reviewed in this chapter is limited to manu-
factured cigarettes and does not include publications on
handmade (“roll your own”) cigarettes or other products
that contain nicotine. The next section, “Chemistry,”
includes a brief description of technologies used by cig-
arette manufacturers in a limited number of cigarette
brands marketed as “reduced-exposure” or “lower-yield”
products. These commercial products have not been met
with widespread consumer acceptance. The following sec-
tion, “Biomarkers,” focuses on the manufactured tobacco-
burning cigarette consumed by the majority of smokers in
the United States and elsewhere.

The section on “Chemistry” describes the chemi-
cal components of cigarette smoke and addresses aspects
of product design that alter the components of cigarette
smoke and factors affecting delivery of smoke to the
smoker. In most cases, the data reported for chemical
levels in mainstream smoke were derived under standard
smoking conditions described by the U.S. Federal Trade
Commission (FTC) and the International Organization
for Standardization (ISO). These standard conditions are
puff volume of 35 milliliters (mL), two-second puff dura-
tion, one-minute puff frequency, and butt length defined
as either 23 millimeters (mm) for nonfilter cigarettes or
the length of the filter overwrap paper plus 3 mm. When
alternative smoking regimens are used, levels of poten-
tially harmful substances in smoke emissions usually
differ from those measured under standard conditions.
(For more details, see “Delivery of Chemical Constituents
into Tobacco Smoke” later in this chapter.) When people
smoke, they do not use the puff volume and puff frequency
programmed into smoking machines, and smoking hab-
its vary significantly from person to person and cigarette
to cigarette. Consequently, actual exposures to and doses
of components of smoke cannot be derived from values
obtained with machine smoking.

The section on “Biomarkers” offers an overview of
in vitro and in vivo data on genotoxicity and cytotoxic-
ity and a review of the literature on animal bioassays, in
addition to general concepts of biomarkers of exposure,
of biologically effective dose, and of potential harm, as an
introduction to more detailed descriptions of biomarkers
in subsequent chapters of this Surgeon General’s report.

Cigarette smoke is a complex mixture of chemical
compounds that are bound to aerosol particles or are free
in the gas phase. Chemical compounds in tobacco can be
distilled into smoke or can react to form other constitu-
ents that are then distilled to smoke. Researchers have
estimated that cigarette smoke has 7,357 chemical com-
pounds from many different classes (Rodgman and Perfetti
2009). In assessing the nature of tobacco smoke, scientists
must consider chemical composition, concentrations of
components, particle size, and particle charge (Dube and
Green 1982). These characteristics vary with the cigarette
design and the chemical nature of the product.

Fowles and Dybing (2003) suggested an approach to
identify the chemical components in tobacco smoke with
the greatest potential for toxic effects. They considered
the risk for cancer, cardiovascular disease, and heart dis-
ease. Using this approach, these investigators found that
1,3-butadiene presented by far the most significant cancer
risk; acrolein and acetaldehyde had the greatest potential
to be respiratory irritants; and cyanide, arsenic, and the
cresols were the primary sources of cardiovascular risk.
Other chemical classes of concern include other met-
als, N-nitrosamines, and polycyclic aromatic hydrocar-
bons (PAHs). This evaluation, along with the Hoffmann
list of biologically active chemicals (Hoffmann and Hoff-
mann 1998), was used to select the chemicals reviewed in
this chapter. Other chemical components with potential
for harm will be identified as analysis of tobacco smoke
becomes more complete and cigarette design and addi-
tives change.
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Chemistry

Phases of Tobacco Smoke

Smoke from a burning cigarette is a “concentrated
aerosol of liquid particles suspended in an atmosphere
consisting mainly of nitrogen, oxygen, carbon monoxide
and carbon dioxide” (Guerin 1980, p. 201). Researchers
have also described cigarette smoke as a “lightly charged,
highly concentrated matrix of submicron particles con-
tained in a gas with each particle being a multicomposi-
tional collection of compounds arising from distillation,
pyrolysis, and combustion of tobacco” (Dube and Green
1982, p. 42). Tobacco smoke is a complex and dynamic
chemical mixture. Researchers have analyzed whole
smoke or used chemical and physical means to sepa-
rately examine the gas and particulate portions of tobacco
smoke. The gas phase is defined as the portion of smoke
that passes through a glass fiber filter of specified physi-
cal parameters, and the particulate phase refers to all
matter captured by the glass fiber filter (Pillsbury 1969).
Standard methods for analysis of tobacco smoke sepa-
rate the two phases by using Cambridge glass fiber filters
designed to collect aerosol particles of 0.3 micrometers
(pm) or larger with an efficiency not less than 99 percent
(Pillsbury 1969). Although these separate phases are an
artificial construct, they are useful for describing the
results of analysis of the components of cigarette smoke
typically obtained by machine smoking. When people
smoke cigarettes, the continuum of physical character-
istics in smoke does not include the differentiation into
specific fractions. The diameter of cigarette smoke par-
ticles constantly changes, and as the particles coalesce
after their formation, they grow in diameter. However, in
diluted smoke, loss of a volatile chemical matrix or other
components may cause particles to shrink and changes in
the particle size may alter the relative amounts of certain
chemicals in the gas and particle phases (Guerin 1980).

Smoke formation occurs when the cigarette is lit
and a puff is taken or when the cigarette smolders between
puffs. Mainstream smoke is released from the butt end
of the burning cigarette during puffing, and sidestream
smoke emanates from the burning cigarette coal when it
smolders (Guerin 1980). The air in the immediate vicin-
ity of an active smoker contains a mixture of sidestream
smoke, exhaled mainstream smoke, and any smoke that
passes through the porous paper surrounding the tobacco
(Lofroth 1989). A greater quantity of sidestream smoke
is generated when the amount of tobacco burned dur-
ing smoldering increases relative to the amount burned
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during puffing (Johnson et al. 1973b; Perfetti et al. 1998).
Thus, the way the cigarette is smoked (e.g., puff volume
and time between puffs) can alter the relative levels of
mainstream and sidestream smoke (Perfetti et al. 1998).

In addition, the ratio of the levels of chemical com-
ponents in sidestream smoke to their levels in mainstream
smoke can be altered by differences among cigarettes
(Perfetti et al. 1998). These differences are related to the
tobacco blend or type, the tobacco preparation (e.g., cut
width, additives, and moisture level), the dimensions of
the cigarette, the weight of the tobacco rod, the porosity
of the paper, the presence of a filter, and the type of filter.
Studies using a machine that simulates human smoking
have determined that the change in the ratio of sidestream
to mainstream smoke components after introducing a fil-
ter and ventilation primarily resulted from a decrease in
the amount of mainstream smoke, because the amount
of sidestream smoke does not change substantially with
alterations in cigarette design (Perfetti et al. 1998).
Examination of chemicals with similar properties revealed
that those with a low boiling point had higher ratios of
levels in sidestream smoke to levels in mainstream smoke
and that compounds with a high boiling point had lower
ratios (Sakuma et al. 1984). Studies indicate that compared
with mainstream smoke collected under standard FTC/
ISO smoking parameters, sidestream smoke has higher
levels of PAHs (Grimmer et al. 1987; Evans et al. 1993);
nitrosamines (Brunnemann et al. 1977a, 1980; Hoffmann
etal. 1979a; Riihl et al. 1980); aza-arenes (Dong et al. 1978;
Grimmer et al. 1987); aromatic amines (Patrianakos and
Hoffmann 1979); carbon monoxide (CO) (Hoffmann et al.
1979b; Rickert et al. 1984); nicotine (Rickert et al. 1984;
Pakhale et al. 1997); ammonia (Brunnemann and Hoff-
mann 1975); pyridine (Johnson et al. 1973b; Brunnemann
et al. 1978; Sakuma et al. 1984); and the gas phase com-
ponents 1,3-butadiene, acrolein, isoprene, benzene, and
toluene (Brunnemann et al. 1990). With increased puffing
intensity, the toxicant ratios of sidestream to mainstream
smoke decrease (Borgerding et al. 2000).

The increase in the amount of tobacco burned
during smoldering compared with tobacco burned dur-
ing puffing is not the only factor influencing differences
in the chemical content of sidestream and mainstream
smoke. The burning conditions that generate sidestream
and mainstream smoke also differ (Guerin 1987). Tem-
peratures reach 900°C during a puff and fall to about
400°C between puffs (Guerin 1987). Puffing burns the
tobacco on the periphery of the cigarette, and tobacco in
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the core burns between puffs (Johnson 1977; Hoffmann
et al. 1979a). Thus, mainstream smoke depends on the
chemical composition of the combustible portion of the
cigarette near the periphery of the rod, whereas chemi-
cals at higher concentrations in the central portion of
the rod have higher levels in sidestream smoke than in
mainstream smoke (Johnson 1977). Sidestream smoke
is produced during conditions with less available oxygen
(Guerin et al. 1987) and higher alkalinity and water con-
tent than those for mainstream smoke (Brunnemann and
Hoffmann 1974; Adams et al. 1987; Guerin 1987). Ammo-
nia levels are significantly higher in sidestream smoke,
resulting in a more alkaline pH (Adams et al. 1987). Thus,
the composition and levels of chemical species in main-
stream smoke differ from those in sidestream smoke.
Levels of some compounds are higher in mainstream
smoke than in sidestream smoke, and this difference may
reflect chemical influences that are more complex than
just changes in puff frequency. For example, mainstream
smoke contains considerably more cyanide than side-
stream smoke does (Johnson et al. 1973b; Brunnemann
et al. 1977a; Norman et al. 1983). Sakuma and colleagues
(1983) measured a series of semivolatile compounds in
tobacco smoke and found that levels of phenol, cresol,
xylenols, guiacol, formic acid, and acetic acid were higher
in sidestream smoke, whereas levels of catechol and
hydroquinone were higher in mainstream smoke.
Individual chemical constituents may be found
in the particulate phase, the gas phase, or both (Guerin
1980). As cigarette smoke dissipates, chemicals may pass
between the particulate and gas phases (Lofroth 1989).
The gas phase contains gases and chemical constituents
that are sufficiently volatile to remain in the gas phase
long enough to pass through the Cambridge glass fiber
filter (Guerin 1980), but as the filter becomes wet dur-
ing the first puffs, hydrophilic compounds tend to adhere
to it. The gas phase of cigarette smoke includes nitro-
gen (N,), oxygen (O,), carbon dioxide (CO,), CO, acetal-
dehyde, methane, hydrogen cyanide (HCN), nitric acid,
acetone, acrolein, ammonia, methanol, hydrogen sulfide
(H,S), hydrocarbons, gas phase nitrosamines, and car-
bonyl compounds (Borgerding and Klus 2005; Rodgman
and Perfetti 2009). Constituents in the particulate phase
include carboxylic acids, phenols, water, humectants,
nicotine, terpenoids, paraffin waxes, tobacco-specific
nitrosamines (TSNAs), PAHs, and catechols. Mainstream
smoke contains only a small amount of nicotine in the
gas phase (Johnson et al. 1973b; Pakhale et al. 1997), but
the fraction of nicotine in the gas phase is higher in side-
stream smoke because of the higher pH (Johnson et al.
1973b; Brunnemann and Hoffmann 1974; Adams et al.
1987; Pakhale et al. 1997). Brunnemann and colleagues
(1977b) studied both mainstream and sidestream smoke

and found that the gas phase of mainstream smoke con-
tained more cyanide than did the particulate phase. John-
son and colleagues (1973b), however, showed that in
sidestream smoke, cyanide is present almost exclusively in
the particulate phase. Guerin (1980) concluded that both
formaldehyde and cyanide may be present in both phases,
and Spincer and Chard (1971) found formaldehyde in both
the particulate and gas phases. The PAHs in the gas phase
were only 1 percent of total PAHs, and the PAH distribu-
tion between gas and particulate phases varied with the
boiling point of the PAHs (Grimmer et al. 1987). Because
physical and chemical changes occur after tobacco smoke
is drawn from the cigarette, some of the reported differ-
ences in PAH levels could result from differences in mea-
surement techniques.

In summary, cigarette smoke is a complex and
dynamic system. The concentration of smoke and the time
after it leaves the cigarette can cause changes in particle
size that may alter the relative amounts of certain chemi-
cals in the gas and particle phases. Also, specific proper-
ties of the tobacco, the physical design of the cigarette,
and the machine-smoking method that is employed to
generate mainstream smoke for analyes can have a sig-
nificant impact on the levels of both mainstream and side-
stream emissions.

Nicotine and Free Nicotine

The tobacco leaf contains many alkaloid chemicals;
nicotine is the most abundant. Nicotine content varies,
among other factors, by the leaf position on the tobacco
stalk and also by the blend or leaf type used in a given
cigarette or cigar (Tso 1990; Kozlowski et al. 2001). Plants
such as tobacco that are characterized by high alkaloid
content often possess a natural pharmacologic defense
against microorganisms, insects, and vertebrates. For
example, nicotine is toxic to many insects and, for many
years, has been extracted from tobacco for use as a com-
mercial pesticide (Domino 1999). Nicotine is addictive in
humans because a portion of the nicotine molecule is sim-
ilar to acetylcholine, an important brain neurotransmitter
(Brody et al. 2006).

The alkaloids in tobacco leaf include anatabine,
anabasine, nornicotine, N-methylanabasine, anabaseine,
nicotine, nicotine N’-oxide, myosmine, PB-nicotyrine,
cotinine, and 2,3’-bipyridyl (Figure 3.1). In commercial
tobacco products, nicotine concentrations range from 6
to 18 milligrams per gram (mg/g) (0.6 to 1.8 percent
by weight) (International Agency for Research on Can-
cer [IARC] 2004; Counts et al. 2005). Together, the sum
of the concentrations of anatabine, anabasine, and nor-
nicotine equals approximately 5 percent of the nicotine
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Figure 3.1  Tobacco alkaloids

concentration (Jacob et al. 1999). Many minor tobacco
alkaloids are pharmacologically active in humans in one or
more ways. Clark and colleagues (1965) observed that some
of these alkaloids had physiological effects in a variety of
animal tests. Lefevre (1989) reviewed the evidence and con-
cluded that anabasine and nornicotine had demonstrated
effects on smooth muscle fiber, blood pressure, and enzyme
inhibition. The literature on potentially addictive prop-
erties of these minor alkaloids is limited. S(-)-nicotine,
which is present in the tobacco leaf, is structurally simi-
lar to forms of several minor alkaloids also found in the
tobacco leaf, such as S(-)-N-methylanabasine (Figure 3.2).
Moreover, Dwoskin and colleagues (1995) reported that in
the rat, anatabine, anabasine, N-methylanabasine, anaba-
seine, and nornicotine all release dopamine from striatal
brain tissue. Overall, it is likely that some of the minor
tobacco alkaloids could (1) be addictive if delivered
alone at sufficiently high levels and (2) act together with
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nicotine during tobacco use to generate effects that are
difficult to discern because nicotine levels are so much
higher. In addition to addictiveness, both nicotine and
minor secondary amine alkaloids are precursors of carci-
nogenic TSNAs (IARC 2004, 2007).

The unprotonated nicotine molecule contains two
nitrogen atoms with basic properties. The unproton-
ated nicotine molecule can thus add one proton to form
a monoprotonated species or two protons to form the
diprotonated species (Figure 3.3) (Brunnemann and Hoff-
mann 1974). The first proton added to nicotine attaches
predominantly to the nitrogen on the five-membered
(pyrrolidine) ring, because that nitrogen is significantly
more basic than the nitrogen on the six-membered (pyri-
dine) ring. Although protonated nicotine is not volatile,
unprotonated nicotine is volatile and is able to enter the
gas phase and readily pass into lipid membranes. Unpro-
tonated nicotine is therefore free of the limitations that
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come with carrying an ionic charge, and the scientific
literature and tobacco industry documents frequently
refer to nicotine in this form as both “free nicotine” and
“free-base nicotine.” In the tobacco plant and in the dried
leaf, nicotine largely exists in its ionic forms; otherwise, it
would be rapidly lost to the surrounding atmosphere.

In water or in the droplets of particulate matter in
tobacco smoke, the distribution of nicotine among its
three forms depends on the pH of the solution. Increas-
ing acidity of the solution increases the fraction of proton-
ated molecules; conversely, increasing basicity increases
the fraction in the unprotonated (free base) form (Figure
3.3). Because all forms of nicotine are highly soluble in
water, all of the nicotine entering the respiratory tract
from one puff of tobacco smoke easily dissolves in lung
fluids and blood. However, because unprotonated nicotine
from tobacco smoke particles is volatile, whereas proton-
ated nicotine is not, a higher percentage of unprotonated
nicotine in a puff results in a higher rate of nicotine depo-
sition in the respiratory tract (Pankow 2001; Henningfield
et al. 2004). The exact nature and effects of the increased
rate of deposition depends on the chemical composition
and the size of particles in the tobacco smoke, as well as
topographic characteristics of smoking, such as puff size
and duration and depth of inhalation. Increased rates of
deposition in the respiratory tract lead to increased rates
of nicotine delivery to the brain, which intensify the
addictive properties of a drug (Henningfield et al. 2004).
The conventional view has been that a sample of par-
ticulate matter from tobacco smoke is not usually so
acidic that the diprotonated form becomes important. In
water at room temperature, the approximate dividing line
between dominance by protonated forms or by the unpro-
tonated form is a pH of 8 (Gonzaélez et al. 1980). At higher
pH, the fraction of unprotonated nicotine (o) is greater
than the fraction of protonated nicotine (Pankow 2001).
At pH 8, the two fractions are present in equal percent-
ages. At any lower pH, the fraction of protonated nicotine
is greater.

Figure 3.3  Three forms of nicotine

Structures of nicotine and minor
alkaloid S(-)-NV-methylanabasine in
tobacco leaf

Figure 3.2
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Because a typical sample of particulate matter from
tobacco smoke collected from a cigarette or cigar is mostly
nonaqueous liquid, it is not possible to take conventional
pH measurements to determine nicotine distribution
between the monoprotonated and unprotonated forms
(Pankow 2001). However, it is possible to measure the
concentration of unprotonated nicotine in a sample of
tobacco smoke particulate (Cp o) because that level pro-
duces a directly proportional concentration of unpro-
tonated nicotine in the gas phase, which is measurable
(Pankow et al. 1997, 2003; Watson et al. 2004). Measur-
ing the concentration of nicotine in a sample of tobacco
smoke in the particulate phase (cp’t) allows calculation of
the fraction of unprotonated nicotine: oy, = Cp,u/Cp,t (Pan-
kow et al. 2003). To simplify the discussion of o, values
in tobacco smoke, Pankow (2001) introduced the term
“effective pH” (pH,g), which refers to the pH needed in
water to obtain the oy value in a sample of particulate
matter from smoke. Reported values of o, for smoke from
commercial cigarettes at 20°C were 0.006 to 0.36 (Pan-
kow et al. 2003; Watson et al. 2004), which corresponds to
pH,g values at 20°C in the range of 5.8 to 7.8.
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The fraction oy for particulate matter in tobacco
smoke is important because the rapidity with which
inhaled nicotine from tobacco smoke evaporates from
the particulate phase and deposits on the linings of the
respiratory tract is directly proportional to the oy
value for the smoke (Pankow et al. 2003). According to
numerous tobacco industry documents, increasing levels
of unprotonated nicotine in tobacco smoke was known
to increase smoke “strength,” “impact,” “kick,” and/or
“harshness” (Backhurst 1965; Dunn 1973; Teague 1974;
Ingebrethsen and Lyman 1991). Because of similar mech-
anisms, nicotine replacement therapy delivering gaseous
nicotine caused throat irritation at delivery levels per puff
that were similar to those reached by smoking a cigarette
rated by using the FTC regimen at approximately 1 mg of
total nicotine delivery; thus, cigarette design is focused on
a balance between smoke “impact” and irritation. Some
researchers have suggested that the irritation and harsh-
ness of smoke at higher pH makes it harder for smokers to
inhale this smoke into the lungs (Brunnemann and Hoff-
mann 1974).

The value of o, for particulate matter in each puff
of smoke from one brand of cigarette or cigar strongly
depends on the overall proportion of acids to bases in the
puff (Pankow et al. 1997). As already noted, nicotine itself
is a base. The natural acids in tobacco smoke (e.g., formic
acid, acetic acid, and propionic acid) can protonate nico-
tine and tend to reduce oy, from its maximum of 1.0. The
natural bases (e.g., ammonia) tend to neutralize the acids
and keep more nicotine in the unprotonated form.

Variability in the acid-base nature of commer-
cially available tobacco leaf is considerable. Flue-cured
(“bright”) tobacco is typically viewed as producing acidic
smoke. Air-cured (“burley”) tobacco is typically viewed as
producing basic smoke. Simple adjustment of the tobacco
blend can therefore produce a considerable range of acid
or base content in tobacco smoke. In acidic smoke, o can
be 0.01 or lower (e.g., 1-percent unprotonated nicotine),
and in basic smoke, the oy, can be relatively high (e.g.,
0.36 [36-percent unprotonated nicotine]) (Pankow et al.
2003; Watson et al. 2004).

Tobacco additives that are bases increase oy, values
in mainstream smoke, and these additives are discussed
extensively in tobacco industry documents (Henning-
field et al. 2004). The documents reveal that a variety of
basic additives have been considered, including ammonia
and ammonia precursors. Conversely, some manufactur-
ers also were interested in reducing harshness to a mini-
mum and investigated acidic additives such as levulinic
acid as “smoothing” agents. In that context, the natu-
ral basicity of a specific blend and the harshness of the
smoke can be reduced by acidic additives such as levulinic
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acid, which tend to reduce oy, (Guess 1980; Stewart and
Lawrence 1988).

In summary, nicotine in cigarette smoke exists in
either a protonated or unprotonated form, depending on a
number of factors, including the presence of natural acids
and bases, the tobacco blend, tip ventilation, and the use
of additives. Cigarette design ensures that the smoke has
enough unprotonated nicotine to rapidly transfer nicotine
into the body but not so much of it as to be too harsh for
the smoker to continue to smoke.

N-Nitrosamines

N-nitrosamines are a class of chemical compounds
containing a nitroso group attached to an amine nitro-
gen. There are two types of nitrosamines in tobacco
and tobacco smoke: volatile and nonvolatile, includ-
ing TSNAs (Hoffmann et al. 1981; Tricker et al. 1991;
Spiegelhalder and Bartsch 1996; IARC 2007). The
volatile nitrosamines include N-nitrosodimethylamine,
N-nitrosoethylmethylamine, N-nitrosodiethylamine,
N-nitro-sopyrrolidine, and N-nitrosomorpholine. The
nonvolatile nitrosamines are 4-(N-nitroso-N-methyl-
amino)butyric acid, N-nitrosopipecolic acid, N-nitroso-
sarcosine, 3-(N-nitroso-N-methylamino)propionic acid,
N-nitrosoproline, and N-nitrosodiethanolamine. The
nonvolatile TSNAs (Figure 3.4) have been examined
extensively in tobacco and tobacco smoke. They include
N"nitrosonornicotine (NNN), 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), N"-nitrosoanatabine
(NATB), and N"-nitrosoanabasine (NAB). The levels of
nitrosamines in tobacco products are higher than are
those in other consumer products, such as cooked bacon
and beer (Hecht and Hoffmann 1988), and smokers are
exposed to higher levels of TSNAs than of the other nitro-
samines (Hoffmann et al. 1981; IARC 2007).

Studies have been conducted to identify precursors
of nitrosamines and to determine the conditions required
for their formation in tobacco. The primary intent of this
research was to identify ways to reduce nitrosamine lev-
els in tobacco and tobacco smoke. Secondary and tertiary
amines in tobacco, including the alkaloids, react with
nitrosating agents to form N-nitrosamines (Hecht and
Hoffmann 1988). Hecht and colleagues (1978) showed
that both nicotine and nornicotine can react with sodium
nitrite under controlled conditions to form carcino-
genic NNN and NNK, but nicotine is considered more
important because of its higher level in tobacco products.
TSNAs are not present at trace levels in freshly harvested
tobacco, but they are predominantly formed during pro-
cessing, curing, and storage (Hoffmann et al. 1974, 1981;
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Figure 3.4  Tobacco-specific nitrosamines

Chamberlain et al. 1984; Andersen and Kemp 1985; Bhide
et al. 1987; Djordjevic et al. 1989; Fischer et al. 1989b;
Fisher 2000a). Aerobic bacteria play a major role in TSNA
formation in air-cured tobacco (Hecht et al. 1975; Hoff-
mann et al. 1981; Parsons et al. 1986). In flue-cured
tobacco, the curing conditions alter levels of nitrosamines
(Fisher 2000a). Before the late 1960s and early 1970s,
direct-fire curing in the United States did not produce
high levels of TSNAs. When propane gas was introduced
as the combustion source (Fisher 2000a), nitrogen oxides
from the exhaust gases in tobacco barns reacted with alka-
loids in the tobacco plant to form TSNAs. Hoffmann and
colleagues (Hoffmann et al. 1981; Brunnemann and Hoff-
mann 1991) also revealed that N-nitrosodiethanolamine is
formed from the diethanolamine used in the formulation
of maleic hydrazide, which is applied to regulate suckers
on tobacco plants.

Volatile nitrosamines are found primarily in the gas
phase of tobacco smoke, and TSNAs are almost exclusively
found in the particulate phase (Guerin 1980). Researchers
suggest that about one-half of the nitrosamines in tobacco
smoke are transferred unchanged from the tobacco to the
smoke and that the remainder is formed from pyrosynthe-
sis during smoking (Hoffmann et al. 1977; Adams et al.
1983). Other researchers have concluded that almost all
TSNAs are transferred directly from the tobacco (Fischer
et al. 1990Db).

It is difficult to determine whether TSNAs are
pyrosynthesized or transferred intact, because the most

important factors in nitrosamine formation such as con-
centrations of preformed TSNA in tobacco or their pre-
cursor, as well as chemical and physical processes during
smoking, could affect either mechanism. Morie and Sloan
(1973) reported that the nitrate and amine content in
tobacco determined the amount of N-nitrosodimethyl-
amine formed in tobacco smoke. This finding has been
widely duplicated by researchers looking at other nitrosa-
mines (Hecht et al. 1975; Brunnemann et al. 1977a, 1983;
Hoffmann et al. 1981; Adams et al. 1983, 1984; Fischer et
al. 1989b; Tricker et al. 1991; Atawodi et al. 1995; Spie-
gelhalder and Bartsch 1996). Other factors that influ-
ence nitrate concentrations in tobacco can also indirectly
influence nitrosamine concentrations. Because TSNA
content is strongly influenced by the use of stems that are
naturally high in TSNAs in the cigarette rod, the increased
use of stems leads to higher nitrosamines in the smoke
(Brunnemann et al. 1983). Researchers have also found
that the use of nitrogen fertilizer can contribute to the
concentration of nitrosamines in tobacco and ultimately
in the smoke (Johnson and Rhoades 1972; Tso et al. 1975;
Brunnemann et al. 1977a; Chamberlain et al. 1984, 1986).
Other influential factors identified were tobacco growth
conditions, storage times, storage temperatures (Ander-
sen et al. 1982; Andersen and Kemp 1985), and the stalk
positions from which the tobacco leaves are harvested
(Chamberlain et al. 1986).

Another factor contributing to nitrosamine concen-
trations in tobacco is the type of tobacco used (Johnson
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and Rhoades 1972; Brunnemann et al. 1983; Fischer et
al. 1989b,c). Oriental tobaccos are lowest in both nitrates
and TSNAs (Fischer et al. 1989b), whereas burley tobacco
contains the highest TSNA concentrations (Fischer et
al. 1989b,c). The nitrosamine concentrations in bright
tobacco are between those in oriental and burley and
depend on the curing practices described earlier (Tso et al.
1975; Hoffmann et al. 1979a). The TSNA concentrations
are higher in blended cigarettes than in those made from
bright tobacco, because burley is included in the blend
(Fischer et al. 1990a). In most tobaccos, NNN concentra-
tions exceed NNK concentrations (Fischer et al. 1989b),
but in bright tobacco, NNK concentrations exceed those
of NNN (Fischer et al. 1989b, 1990a).

The preformed concentration of nitrosamines in
tobacco leaves and stems is a major determinant of the
levels in tobacco smoke (Fischer et al. 1990c; Spiegelhal-
der and Bartsch 1996). However, for cigarettes that have
the same concentrations of nitrosamines in the tobacco,
the nitrosamine levels in the smoke were largely deter-
mined by the degree of ventilation and the use of cellu-
lose-acetate filter tips in the cigarette. After examining
machine-generated smoke, by the FTC/ISO method, from
cigarettes containing the same type of tobacco, whether
blended or bright only, researchers found that nitrosamine
levels are correlated with tar delivery, which is primarily
a function of filter ventilation (Adams et al. 1987; Fischer
et al. 1990a). However, studies of cigarettes with different
blends of tobacco have shown that tar is not an accurate
measure of nitrosamine levels (Fischer et al. 1989c; Spie-
gelhalder and Bartsch 1996; Counts et al. 2004). Studies
have also shown that cellulose-acetate filter tips remove
both volatile nitrosamines and TSNAs (Morie and Sloan
1973; Brunnemann et al. 1980; Riihl et al. 1980; Hoffmann
et al. 1981). These findings indicate the importance of
measuring TSNA levels in smoke, rather than using mea-
sured levels of tar or nicotine to predict levels of TSNAs in
smoke on the basis of an average relationship between tar
or nicotine and TSNAs.

Nitrosamine levels measured in the tobacco and the
smoke from cigarettes that were purchased around the
world vary widely because of the differences cited above.
Historically, the ranges of levels of NNN (2 to 12,454
nanograms [ng] per cigarette), NAB+NATB (109 to 1,033
ng), and NNK (55 to 10,745 ng) in cigarette tobacco were
wide (Hoffmann et al. 1974; Fischer et al. 1989b, 1990a,c;
Tricker et al. 1991; Atawodi et al. 1995; IARC 2004, 2007).
More recent analyses have given more consistent results
that depend on the blend of tobacco (NNN + NNK: 87 to
1,900 ng/g) (Ashley et al. 2003). Levels in mainstream
tobacco smoke, as reported by the FTC/ISO machine-
smoking method, have been reported at an order of mag-
nitude lower than those in tobacco (NNN = 4 to 1,353 ng
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generated per cigarette); NAB+NATB = 10 to 82 ng; and
NNK =5 to 1,749 ng (Fischer et al. 1989b, 1990a,c; Tricker
et al. 1991; Atawodi et al. 1995; Mitacek et al. 1999).

Using the ISO, Massachusetts (MDPH; 45-mL puff
volume, 30-second puff interval, 50 percent of ventilation
holes blocked) and Canadian Intense (CAN; 55-mL puff
volume, 30-second puff interval, 100 percent of ventila-
tion holes blocked) smoking regimens, Counts and col-
leagues (2005) reported the levels of TSNAs in mainstream
smoke from Philip Morris cigarettes sold internationally.
The investigators found that in mainstream smoke, NNN
levels were 5.0 to 195.3 ng generated per cigarette for ISO,
16.3 to 374.2 ng for MDPH, and 20.6 to 410.6 ng for CAN.
NNK levels were 12.4 to 107.8 ng generated per cigarette
for IS0, 25.8 to 206.6 ng for MDPH, and 39.1 to 263.0 ng
for CAN. NATB levels were 8.0 to 160.4 ng generated per
cigarette for ISO, 31.9 to 295.3 ng for MDPH, and 43.5 to
345.1 ng for CAN.

The combined levels of NNN and NNK reported by
Wu and associates (2005) are in good agreement with the
ranges reported by Counts and colleagues (2005). This
finding suggests that the more advanced analytical meth-
ods used in these later studies yielded more accurate mea-
sures for current cigarettes than did previous measures.
Levels of volatile nitrosamines in mainstream tobacco
smoke are typically lower than those of the TSNAs
(dimethylnitrosamine = 0.1 to 97 ng generated per
cigarette; methylethylnitrosamine = 0.1 to 9.1 ng; and
N-nitrosopyrrolidine = 1.5 to 64.5 ng) (Brunnemann et al.
1977a, 1980; Adams et al. 1987).

Ashley and colleagues (2003) compared TSNA con-
centrations in tobacco from Marlboro cigarettes with
those in locally popular, non-U.S. brands of cigarettes in
13 countries. For most of the countries, TSNA concentra-
tions in the tobacco from Marlboro cigarettes were higher
than those in tobacco from locally popular brands from
that country. TSNA concentrations varied widely (20-fold
overall) between and within brands from the same coun-
try and differed significantly from country to country. This
study confirmed earlier work showing wide variations in
TSNA levels in tobacco and smoke from products within a
country and between countries (Hecht et al. 1975; Fischer
et al. 1990c; Spiegelhalder and Bartsch 1996; Gray et al.
2000). The basic findings from this study were confirmed
by work from Wu and colleagues (2005), who examined
combined levels of NNN and NNK in the mainstream
smoke from cigarettes from the same 13 countries and
also found a wide variation in this matrix.

Identification of growing, curing, and blending
practices that alter nitrosamine levels in tobacco and
smoke have led researchers to agree that low TSNA lev-
els in smoke can be achieved by using particular varieties
of tobacco and carefully controlling the factors leading to
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formation and transfer of TSNAs from tobacco into smoke
(Brunnemann et al. 1977a; Hoffmann et al. 1977; Hecht
et al. 1978; Ruihl et al. 1980; Andersen and Kemp 1985;
Hecht and Hoffmann 1988; Fischer et al. 1990c; Spiegel-
halder and Bartsch 1996; Mitacek et al. 1999; Ashley et al.
2003; Burns et al. 2008). To reduce TSNAs, tobacco curing
in the United States is undergoing a transition, and nitro-
samine levels may change as curing and blending prac-
tices change (Counts et al. 2004; O’Connor et al. 2008).

In summary, nitrosamines are found in tobacco and
tobacco smoke at high levels compared with other con-
sumer products. The levels of these compounds, which are
formed during tobacco processing, curing, and storage,
can be minimized by breeding and selecting tobacco lines
with lower propensity for TSNA formation, and limiting
the use of nitrogen fertilizer, the levels of nitrogen oxides
in the atmosphere during curing, the amount of burley
tobacco in the blend, and storage times. The impact of dif-
ferent practices is clearly seen by the wide global range of
TSNA levels in tobacco and smoke.

Polycyclic Aromatic Hydrocarbons

PAHs are chemical compounds with two or more
condensed aromatic and other cyclic rings of carbon and
hydrogen atoms (Douben 2003). Recent studies (Rodg-
man and Perfetti 2006) have identified at least 539 PAHs in
tobacco smoke. The U.S. Environmental Protection Agency
(EPA) has identified 16 priority environmental PAHs on
the basis of evidence that they cause or may cause can-
cer: acenaphthylene, acenaphthene, anthracene, benz[a]
anthracene, benzo[a]pyrene (B[a]P), benzo[b]fluoran-
thene (B[0]F), benzo[k]fluoranthene (B[/£]F), benzolg,A,i]
perylene, chrysene, dibenz|a,h]anthracene, fluoranthene,
fluorene, indenol1,2,3-cd]pyrene, naphthalene, phenan-
threne, and pyrene (Figure 3.5) (USEPA 1980, 1986). The
16 PAHs, which have two to six fused rings and molecu-
lar weights of 128 to 278, were detected in the particulate
matter of tobacco smoke (IARC 1986, 2004; Ding et al.
2006, 2007). PAHs range from highly volatile to relatively
nonvolatile, and their distribution in the particulate and
gas phases of tobacco smoke varies with the boiling point
(Grimmer et al. 1987). However, the gas phase contained
only an estimated 1 percent of the total PAHs found in
tobacco smoke. The composition of PAHs in mainstream
smoke is different from that in sidestream smoke (Grim-
mer et al. 1987), and the lipophilic characteristics range
from moderate to high (Douben 2003).

PAHs are formed by incomplete combustion of
natural organic matter such as wood, petroleum, and
tobacco and are found throughout the environment
(Evans et al. 1993; Douben 2003). In the burning cone

at the tip of the tobacco rod, various pyrolysis reactions
occur to form methylidyne (CH) radicals that are precur-
sors to the pyrosynthesis of PAHs. Hoffmann and Wynder
(1967) were the first to show that adding nitrate to tobacco
reduced B[a]P levels. During smoking, nitrates form O, and
nitric oxide (NO), which intercept radicals and reduce
PAH levels (Johnson et al. 1973a; Hoffmann and Hoffmann
1997). Other researchers also reported that the presence
of nitrate in tobacco decreases B[a]P levels in the smoke
(Torikai et al. 2005). The pyrolytic conditions also favor
the formation of PAHs from certain isoprenoids such as
solanesol (IARC 1986), although other findings have dis-
agreed with this assessment (Torikai et al. 2005). B[a]P is
the most widely known and studied PAH (IARC 2004).

Differences in tobacco type can affect levels of PAHs
in the smoke. Flue-cured (bright) or sun-cured (oriental)
tobaccos have lower nitrate content than does air-cured
(burley) tobacco. Pyrosynthesis of PAHs generates higher
PAH levels in smoke from cigarettes made exclusively
with flue-cured or sun-cured tobaccos than in smoke
from cigarettes made with burley tobaccos (Hoffmann
and Hoffmann 1997; Ding et al. 2005). Cigarettes made
from reconstituted tobacco with cellulose fiber as an
additive yield significantly reduced PAH levels. Evans
and colleagues (1993) measured PAHs in mainstream
and sidestream smoke and found that B[a]P, B[6]F, and
Blk]F levels are related to tar yields in cigarette smoke
that result from differences in cigarette ventilation.

Some studies reported the levels of B[a]P alone as a
surrogate for the total PAH content. Ding and colleagues
(2005) observed that total PAH levels in mainstream
smoke from commercial cigarette brands varied from 1 to
1.6 pg generated per cigarette under FTC machine-smok-
ing conditions. In the same study, individual PAHs ranged
from less than 10 ng generated per cigarette (B[£]F) to
approximately 500 ng (naphthalene) (Ding et al. 2005).
Other researchers reported levels of B[A]F at 10.4 ng,
Blk£]F at 5.1 ng, and Bla]P at 13.4 ng generated per cig-
arette (Evans et al. 1993). In four of five brands tested,
Bla]P concentrations in cigarette tar were about 0.5 ng/
mg of tar (Tomkins et al. 1985). Kaiserman and Rickert
(1992) reported the levels of B[a]P in smoke from 35
brands of Canadian cigarettes by using the ISO method;
mean levels were 3.36 to 28.39 ng generated per cigarette.
Although B[a]P levels were linearly related to declared tar
values, the tar values and the B[a]P levels did not change
at the same relative rate. In a study of PAHs in mainstream
smoke from cigarettes from 14 countries, Ding and col-
leagues (2006) showed a significant global variation in lev-
els. They also demonstrated an inverse relationship with
TSNA levels at high PAH and low TSNA levels, possibly as
a result of differences in nitrate levels.
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Figure 3.5

In summary, PAHs result from the burning of bio-
logic material, so they are present in the smoke from
any form of burning tobacco. Factors that can affect PAH
levels in tobacco smoke include the type of tobacco and
its nitrate content. Because of divergent pyrosynthetic
mechanisms, factors that increase the nitrate content of
tobacco decrease PAH levels but may increase TSNA levels
in cigarette smoke. However, a substantial reduction in
PAH Ilevels in cigarette smoke will be a challenge as long
as tobacco smoke is generated from burning tobacco.
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Priority environmental polycyclic aromatic hydrocarbons

Volatile Compounds Including
Aldehydes

When a cigarette is smoked, chemicals partition
between the particulate and gas phases on the basis of phys-
ical properties including volatility and solubility (Hoff-
mann and Hoffmann 1997). Complete partitioning of any
chemical to the gas phase of cigarette smoke is generally
limited to the gaseous products of combustion, such as the
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oxides of nitrogen, carbon, and sulfur, and the extremely
volatile low-molecular-weight organic compounds. There
are between 400 and 500 volatile gases and other com-
pounds in the gas phase (Hoffmann and Hoffmann 1997).
The nearly complete combustion of the cigarette tobacco
filler generates an effluent stream of gaseous chemicals
residing almost exclusively in the gas phase portion of
mainstream cigarette smoke. These chemicals, on the
basis of weight, account for most of the mainstream
smoke. In order by prevalence, these chemicals include
N,, 0,, CO,, CO, nitrogen oxides, and the sulfur-contain-
ing gaseous compounds.

CO and CO, result from the combustion of tobacco.
Other than N, and O,, CO and CO, are the most abundant
compounds in mainstream cigarette smoke, represent-
ing nearly 15 percent of the weight of the gas phase. CO,
levels (approximately 50 mg generated per cigarette) are
more abundant than are CO levels (approximately 20 mg),
as determined by the FTC machine-smoking method.

Nitrogen oxide gases are formed by the combus-
tion of nitrogen-containing amino acids and proteins in
the tobacco leaf (Hoffmann and Hoffmann 1997). Main-
stream cigarette smoke contains mostly NO with traces of
nitrogen dioxide (NO,) and nitrous oxide. The formation
of nitrogen oxides is amplified by combustion with nitrate
salts, and the amount formed is directly related to the
nitrate concentration of the tobacco leaf (MacKown et al.
1999). The mainstream cigarette smoke contains approxi-
mately 500 pg of NO generated per cigarette. Although
fresh smoke contains little NO,, the aging of the smoke
converts the reactive NO to NO,, which has an estimated
half-life of 10 minutes (Borland et al. 1985; Rickert et
al. 1987). These gases react with water and other com-
ponents in cigarette smoke to form nitrate particles and
acidic constituents.

Sulfur-containing gases result from the combustion
of sulfur-containing amino acids and proteins (Horton
and Guerin 1974). In mainstream cigarette smoke, H,S
is the most abundant of these gases (approximately 85 pg
generated per cigarette), and both sulfur dioxide and car-
bon disulfide are present in smaller quantities (approxi-
mately 2 pg).

In addition to the volatile gases, mainstream ciga-
rette smoke contains a wide range of volatile organic com-
pounds (VOCs) (Counts et al. 2005; Polzin et al. 2007).
The formation of these VOCs results from the incomplete
combustion of tobacco during and between puffs. The
generation of VOCs, as well as the previously mentioned
volatile gases, is directly related to the tar delivery of the
cigarette, as evidenced by machine smoking under the
FTC regimen (Hoffmann and Hoffmann 1997; Polzin et
al. 2007). Therefore, factors altering the yield of tar (e.g.,
tobacco blend, cigarette filter, filter ventilation, paper

porosity, and tobacco weight) directly affect the yield of
VOCs. Under certain machine-smoking conditions, the
use of charcoal filters (Williamson et al. 1965; Counts et
al. 2005; Laugesen and Fowles 2006; Polzin et al. 2008),
variations in the temperature in the burning zone, and
the presence or absence of O, can substantially alter the
levels of VOCs generated in cigarette smoke (Torikai et
al. 2004). The VOCs in mainstream cigarette smoke, as a
result of their high biologic activity and levels, are among
the most hazardous chemicals in cigarette smoke (Fowles
and Dybing 2003; IARC 2004). In developed countries, the
combined exposure of smokers to mainstream cigarette
smoke and nonsmokers to secondhand smoke constitutes
a significant portion of the population’s total exposure
to certain VOCs. For example, more than one-half of the
U.S. population’s exposure to benzene is from cigarette
smoking (U.S. Department of Health and Human Services
[USDHHS] 2002). The roughly 500 VOCs in the gas phase
of mainstream cigarette smoke can be subclassified by
structure. Among the most significant classes are the aro-
matic hydrocarbons, carbonyls, aliphatic hydrocarbons,
and nitriles. Although other classes of volatile compounds
(e.g., acids and bases) are present, these four classes of
VOCs have been the most widely studied, because of their
biologic activity and overall higher levels.

Aromatics are a class of compounds defined by their
structural similarity to benzene. These compounds result
from incomplete combustion of the organic matter of the
cigarette, most notably sugars and cellulose (Chortyk and
Schlotzhauer 1973). The most abundant aromatic com-
pounds in mainstream smoke generated from full-flavored
cigarettes with use of the FTC/ISO smoking regimen are
toluene (approximately 5 to 80 pg generated per cigarette),
benzene (approximately 4 to 60 pg), total xylenes (approx-
imately 2 to 20 pg), styrene (approximately 0.5 to 10 ng),
and ethylbenzene (approximately 1 to 8 pg) (Counts et al.
2005; Polzin et al. 2007).

Carbonyl compounds include the ketones and
aldehydes. These compounds are studied because of their
reactivity and levels, which approach 1 mg generated per
cigarette. The most prevalent aldehydes in mainstream
smoke from cigarettes, generated using the ISO regimen,
are acetaldehyde (approximately 30 to 650 pg generated
per cigarette), acrolein (approximately 2.5 to 60 pg), and
formaldehyde (approximately 2 to 50 pg) (Counts et al.
2005). The most prevalent ketones in mainstream ciga-
rette smoke, generated by using the FTC/ISO smoking
regimen, are acetone (approximately 50 to 550 pg gener-
ated per cigarette) and 2-butanone (approximately 10 to
130 pg) (Counts et al. 2005; Polzin et al. 2007). Spincer
and Chard (1971) identified formaldehyde in both the
particulate and gas phases of tobacco smoke and found
that much of the formaldehyde was associated with total
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particulate matter (TPM). These investigators determined
that formaldehyde delivery was higher in smoke from
bright tobacco than in that from burley tobacco.

On the basis of total mass, hydrocarbons represent
the largest VOC class in mainstream cigarette smoke
(Hoffmann and Hoffmann 1997). Both saturated hydrocar-
bons and olefins result from the incomplete combustion
of cigarette tobacco. The most abundant hydrocarbons in
cigarette smoke are methane, ethane, and propane, which
represent nearly 1 percent of the total cigarette effluent.
Unsaturated hydrocarbons are also present in significant
quantities in mainstream cigarette smoke, as evidenced by
using the ISO regimen, but the olefins isoprene (approxi-
mately 70 to 480 pg generated per cigarette) and 1,3-buta-
diene (approximately 6.5 to 55 pug) are the most abundant
unsaturated hydrocarbons (Counts et al. 2005).

The volatile nitriles, which include compounds such
as HCN, acetonitrile, and acrylonitrile, are important
because of their toxic effects. The most abundant nitriles
in mainstream smoke generated from cigarettes by using
the ISO regimen are HCN (approximately 3 to 200 ug gen-
erated per cigarette), acetonitrile (approximately 100 pg),
and acrylonitrile (approximately 1 to 12 pg) (Counts et
al. 2005).

In summary, cigarette smoke is composed primarily
of gaseous and volatile compounds. Thus, levels of these
compounds are critical in determining the overall toxicity
of tobacco smoke. Differences in the design of the ciga-
rette can have a substantial effect on the levels determined
in smoke, which makes the reproducibility of results chal-
lenging, but provides knowledge of possible mechanisms
to reduce the exposure of smokers.

Heavy Metals

Metals and metalloids are among the many sub-
stances contained in tobacco smoke; they are often loosely
called “heavy metals” without regard to whether they are
light- or heavy-mass metals or metalloids. Their chemical
properties span a wide range. These substances are found
as pure metals or as metals naturally associated or chemi-
cally bound to other elements that can significantly alter
the chemical properties of the metals.

Although metals can be deposited on tobacco
leaves from particles in the air and some fungicides and
pesticides containing toxic metals have been sprayed on
tobacco leaves or soils in the past (Frank et al. 1977),
most of the metals present in plants are absorbed from
the soil (Schwartz and Hecking 1991; Cheng 2003; Xiao
et al. 2004a,b). Soils, therefore, including any amend-
ments to the soil, such as sludge, fertilizers, or irrigation
with polluted water have been the predominant source
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of metals found in tobacco grown in various geographic
areas (Bache et al. 1985; Mulchi et al. 1987, 1991, 1992;
Adamu et al. 1989; Bell et al. 1992; Rickert and Kaiserman
1994; Stephens et al. 2005). Cadmium and lead content in
tobacco and smoke have been correlated with the con-
tent in the soil in which the tobacco was grown, after
adjustment for the amendments to the soil (Bache et
al. 1985; Adamu et al. 1989; Mulchi et al. 1991, 1992;
Bell et al. 1992; Rickert and Kaiserman 1994; Stephens
et al. 2005). In addition, Rickert and Kaiserman (1994)
showed that heavy metals in the air can be important. For
example, significant changes in the lead concentrations
in the air between 1974 and 1988 accounted for most of
the changes in lead levels in tobacco during that period.
Researchers have associated the mercury content in
tobacco with environmental factors and soil in geographic
areas where the tobacco was grown (Rickert and Kai-
serman 1994). Mulchi and colleagues (1992) have also
suggested that consideration of soil pH is important to
understanding the relationship between metals in the soil
and metals in the tobacco leaf. Because of differences in
the soil, air, and metal uptake by the tobacco plant, the
metal content of tobaccos varies widely.

Most metals and metalloids are not volatile at room
temperature. Pure metallic mercury is volatile, but only a
few forms are volatile at temperatures lower than 100°C.
The temperature of tobacco that burns at the tip of a ciga-
rette may reach 900°C (Baker 1981). A burning cigarette
tip is hot enough to volatilize many metals into the gas
phase, but by the time the smoke is inhaled or rises in a
plume from the cigarette as secondhand smoke, most of
the metals have condensed and moved into the particu-
late portion of the smoke aerosol (Baker 1981; Chang et
al. 2003).

The range of levels of toxic metals found in tobacco
smoke reflects differences in cigarette manufacturing
processes, ventilation, additives, concentrations in the
tobacco, and the efficiency with which the metal transfers
from the leaf to the smoke. The transfer rate of metals
from tobacco into smoke also depends on the properties
of the metal (Krivan et al. 1994). Because tobacco plants
easily absorb and accumulate cadmium from the soil,
cadmium is found at relatively high concentrations in
tobacco leaves. This accumulation, along with the high
percentage of transfer from the leaves into the smoke
(Schneider and Krivan 1993), yields high cadmium lev-
els in tobacco smoke (Chiba and Masironi 1992). Kalcher
and colleagues (1993) developed a model for the behavior
of metals in mainstream smoke and found that most of
the cadmium in tobacco smoke is in the particulate phase,
whereas lead is equally partitioned between the particu-
late and gas phases. Cadmium levels have been reported
to range from 10 to 250 ng generated per cigarette in the
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particulate phase (Allen and Vickroy 1976; Bache et al.
1985; Nitsch et al. 1991; Schneider and Krivan 1993; Kri-
van et al. 1994; Rhoades and White 1997; Csalari and Szan-
tai 2002; Torrence et al. 2002) to a lower level of 1 to 31
ng in the gas phase (Nitsch et al. 1991). More recent stud-
ies of cadmium levels in particulate matter in smoke from
commercial cigarettes smoked under FTC/ ISO conditions
reported a range of 1.6 to 101.0 ng generated per cigarette
(Counts et al. 2005; Pappas et al. 2006). Not surprisingly,
Counts et al. (2005) also showed that levels of cadmium in
smoke generated using more intense smoking regimens
such as MDPH (12.7 to 178.3 ng generated per cigarette)
and CAN (43.5 to 197.1 ng generated per cigarette) were
higher than when using FTC/ISO. This increase was also
seen with other metals tested. These studies also demon-
strated that changes in cigarette design, such as introduc-
ing filter ventilation, reduces the delivery of metals under
FTC/ISO smoking conditions. In counterfeit cigarettes,
levels of cadmium in particulate matter from mainstream
smoke can be significantly higher, ranging from 40 to 300
ng generated per cigarette, under FTC smoking condi-
tions (Pappas et al. 2007).

Lead also transfers well from tobacco to smoke
(Schneider and Krivan 1993); measurements range
from 18 to 83 ng generated per cigarette in the partic-
ulate phase (Allen and Vickroy 1976; Nitsch et al. 1991;
Schneider and Krivan 1993; Krivan et al. 1994; Csalari and
Szantai 2002; Torrence et al. 2002; Baker et al. 2004) and
from 6 to 149 ng in the gas phase (Nitsch et al. 1991).
More recent studies of lead levels in particulate matter in
smoke from commercial cigarettes smoked under FTC/
ISO conditions reported a range of 4 to 39 ng generated
per cigarette (Counts et al. 2005; Pappas et al. 2006). Stud-
ies of cigarettes in the United Kingdom have documented
concentrations of heavy metals in a number of counterfeit
cigarette brands that were higher than those in domestic
products (Stephens et al. 2005). These metals included
arsenic, cadmium, and lead. In counterfeit cigarettes,
levels of lead in mainstream cigarette smoke can be sig-
nificantly higher, ranging up to 330 ng generated per ciga-
rette, under FTC smoking conditions (Pappas et al. 2007).
Studies have also found similar levels of nickel in both
phases: particulate levels range from 1.1 to 78.5 ng gener-
ated per cigarette (Bache et al. 1985; Nitsch et al. 1991;
Schneider and Krivan 1993; Torjussen et al. 2003), and
gas phase levels range from 3 to 57 ng (Nitsch et al. 1991).

Tobacco smoke also contains lower levels of other
metals. The range of levels found in the particulate phase
includes cobalt, 0.012 to 48.0 ng generated per cigarette;
arsenic, 1.5 to 21.0 ng; chromium, 1.1 to 1.7 ng; anti-
mony, 0.10 to 0.13 ng; thallium, 0.6 to 2.4 ng; and mer-
cury, 0.46 to 6.5 ng (Allen and Vickroy 1976; Suzuki et
al. 1976; Nitsch et al. 1991; Schneider and Krivan 1993;

Krivan et al. 1994; Rhoades and White 1997; Milnerow-
icz et al. 2000; Shaikh et al. 2002; Torrence et al. 2002;
Baker et al. 2004; Pappas et al. 2006). Gas phase levels de-
pend on the volatility of the metals or metal complexes.
Cobalt levels range from less than 1 to 10 ng generated per
cigarette, and mercury levels range from 5.0 to 7.4 ng
generated per cigarette (Nitsch et al. 1991; Chang et al.
2002). In a limited analysis, Chang and colleagues (2003)
found arsenic and antimony in the gas phase but did not
provide quantitative results.

Studies have identified radioactive elements in
tobacco and tobacco smoke. Lead 210, a product of
radioactive decay of radon, was found in tobacco (Peres
and Hiromoto 2002) and is transported at low levels in
tobacco smoke (Skwarzec et al. 2001). Most of the lead
in tobacco smoke is the nonradioactive isotopes. Polo-
nium, an element found only in radioactive forms, is also
a product of radioactive decay of radon. Some research-
ers have found polonium 210 in tobacco (Skwarzec et al.
2001; Peres and Hiromoto 2002; Khater 2004), and others
estimated transfer of 11 to 30 percent of the amount in
tobacco to tobacco smoke (Ferri and Baratta 1966). The
presence of a filter and the type of filter used can alter the
amount of polonium transferred into mainstream smoke;
some filters remove 33 to 50 percent of the polonium from
the smoke (Ferri and Baratta 1966).

In summary, the levels of metals in tobacco smoke
are primarily a function of their content in the soil in
which the tobacco is grown, added substances such as fer-
tilizer, and the design of the cigarette. Study findings indi-
cate that (1) growing conditions for tobacco contribute to
the levels of metals in cigarettes manufactured worldwide
and (2) some counterfeit cigarettes have higher levels
of metals than do domestic commercial cigarettes. This
evidence has proved that tobacco-growing conditions can
alter the concentrations of metals in cigarette tobacco and
therefore the levels in the smoke.

Aromatic Amines

Aromatic amines and their derivatives are used in
the preparation of dyes, pharmaceuticals, pesticides, and
plastics (Brougham et al. 1986; Bryant et al. 1994; Cen-
ters for Disease Control and Prevention [CDC] 1994) and
in the rubber industry as antioxidants and accelerators
(Parmeggiani 1983). Because of their widespread use,
aromatic amines are prevalent and may be found as con-
taminants in some color additives, paints, food colors, and
leather and textile dyes and in the fumes from heating oils
and fuels. Studies that measured aromatic amines in the
ambient environment detected their presence and deter-
mined concentrations in air, water, and soil (Birner and
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Neumann 1988; Del Santo et al. 1991; Ward et al. 1991;
Skipper et al. 1994; Sabbioni and Beyerbach 1995). Aro-
matic amines consist of at least one hydrocarbon ring and
one amine-substituted ring, but these agents have diverse
chemical structures. Chemically, aromatic amines act as
bases and most exist as solids at room temperature.

Some scientists have suggested that aromatic
amines are present in unburned tobacco (Schmeltz and
Hoffmann 1977) and are also formed as combustion prod-
ucts in the particulate phase of tobacco smoke (Patriana-
kos and Hoffmann 1979). Investigators determined levels
of aromatic amines in both mainstream and sidestream
smoke (Hoffmann et al. 1969; Patrianakos and Hoffmann
1979; Grimmer et al. 1987; Luceri et al. 1993; Stabbert et
al. 2003a). The identified compounds include aniline; 1-,
2-, 3-, 4-toluidine; 2-, 3-, 4-ethylaniline; 2,3-, 2,4-, 2,5-,
2,6-dimethylaniline; 1-, 2-naphthylamine; 2-, 3-, 4-ami-
nobiphenyl; and 2-methyl-1-naphthylamine. The most
commonly studied compounds from this class are shown
in Figure 3.6. Stabbert and colleagues (2003a) found that
aromatic amines reside primarily in the particulate phase
of smoke, except for the more volatile amines such as
o-toluidine; only 3 percent of o-toluidine was found in the
gas phase. Studies have reported that sidestream smoke
contains substantially higher levels of aromatic amines
than does mainstream smoke, but these levels depend on
the parameters for puffing the cigarette (Patrianakos and
Hoffmann 1979; Grimmer et al. 1987; Luceri et al. 1993).
For mainstream smoke, the levels of aromatic amines
were reported to be 200 to 1,330 ng generated per ciga-
rette (Luceri et al. 1993; Stabbert et al. 2003a), but stud-
ies have reported much higher levels in sidestream smoke
(Luceri et al. 1993). More recently, one study reported
the following levels of aromatic amines in mainstream
cigarette smoke (Counts et al. 2005). Using the ISO regi-
men, these investigators determined that levels were 3
to 27 ng generated per cigarette for l-aminonaphtha-
lene; 2 to 17 ng for 2-aminonaphthalene; 0.6 to 4.2 ng for
3-aminobiphenyl; and 0.5 to 3.3 ng for 4-aminobiphenyl.
These levels increased on average by approximately 115

Figure 3.6
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percent when the MDPH smoking regimen was used and
by approximately 130 percent under the CAN smok-
ing regimen.

Levels of aromatic amines in tobacco smoke are
influenced by both the chemical constituents in the
tobacco and the chemical and physical processes of the
burning cigarette. Levels of aromatic amines in smoke
from cigarettes made with dark tobacco are higher than
those in cigarettes made from light tobacco (Luceri et al.
1993). For typical U.S.-blended cigarettes, there is a linear
correlation between levels of aromatic amines and tar in
the smoke (Stabbert et al. 2003a).

Sources of nitrogen in the tobacco also significantly
influence levels of aromatic amines in tobacco smoke.
Nitrate is a primary factor in altering the level of aromatic
amines in tobacco smoke, and its presence is influenced by
the use of nitrogen fertilizers (Patrianakos and Hoffmann
1979; Stabbert et al. 2003a). Protein in tobacco is known
to be a good source of biologic nitrogen, and studies have
reported that higher nitrogen content from elevated pro-
tein in tobacco increased the yields of 2-naphthylamine
and 4-aminobiphenyl (Patrianakos and Hoffmann 1979;
Torikai et al. 2005). Cigarette smoke from bright tobacco
had lower aromatic amine levels than expected compared
with the smoke of U.S. blended cigarettes, possibly because
of the lower nitrogen content in bright tobacco (Stabbert
et al. 2003a). Combustion temperature is also a factor
in the generation of aromatic amines in tobacco smoke,
because lower temperatures yielded lower levels of aro-
matic amines in smoke (Stabbert et al. 2003b). Other
investigators have suggested that increased cellulose lev-
els in tobacco can decrease aromatic amines in the smoke
(Torikai et al. 2005), and in another study, cellulose-
acetate filters removed a substantial portion of aromatic
amines from mainstream smoke (Luceri et al. 1993).

In summary, it appears that the nitrogen content in
tobacco, either from protein levels or use of nitrogen fer-
tilizer, is a primary determinant of aromatic amine levels
in tobacco smoke. The type of tobacco used in the ciga-
rette filler also alters these levels in tobacco smoke.

Commonly studied aromatic amines in tobacco smoke
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Figure 3.7

Heterocyclic Amines

Heterocyclic amines (HCAs) are a class of chemi-
cal compounds that contain at least one cyclic ring and
an amine-substituted ring. HCAs act as basic compounds
because of the amine functional group. HCAs can occur
in food stuff, such as grilled meats, poultry, fish, and
tobacco smoke (Sugimura et al. 1977; Sugimura 1997;
Skog et al. 1998; Murkovic 2004). HCAs are classified in
two groups: one is produced by the pyrolysis of amino
acids and proteins through radical reactions, and the
other is generated by heating mixtures of creatinine, sug-
ars, and amino acids (Sugimura 1997; Murkovic 2004).
The first group dominates when the pyrolysis temperature

Primary heterocyclic amines in tobacco smoke

is high, whereas the second group is predominant at low
temperatures commonly used to cook meat (Sugimura
1997). In tobacco smoke, the primary HCAs are 2-amino-
9H-pyrido[2,3-b]indole; 2-amino-3-methyl-9H-pyrido[2,
3-blindole; 3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole
(Trp-P-1); 3-amino-1-methyl-5H-pyrido[4,3-b]indole (Trp-
P-2); 2-amino-3-methylimidazo[4,5-flquinoline; 2-amino-
6-methyldipyrido[1,2-a:3',2"-d]imidazole (Glu-P-1);
2-aminodipyrido[1,2-a:3’,2’-d]imidazole; and 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) (Fig-
ure 3.7) (Kataoka et al. 1998).

HCAs are not found in unburned tobacco; they are
present in tobacco smoke as a result of pyrolysis and are
found in the particulate phase (Manabe and Wada 1990).
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The chemical composition of amino acids, protein, sug-
ars, and creatine/creatinine in the tobacco filler influences
the final HCA levels in the smoke. Other components that
may alter the pyrolysis of amino acids can also change
HCA levels in smoke. The usual levels of HCAs in tobacco
smoke were reported to be 0.3 to 260.0 ng generated per
cigarette (Hoffmann et al. 2001). Manabe and Wada (1990)
reported levels of 0.29 to 0.31 ng of Trp-P-1 generated per
cigarette and 0.51 to 0.66 ng for Trp-P-2 in smoke conden-
sate from five types of cigarettes. Manabe and colleagues
(1991) determined an average level of 16.4 ng generated
per cigarette for PhIP in tobacco smoke condensate from
cigarettes purchased in Japan, the United Kingdom, and
the United States.

In summary, although HCAs are not specific to
tobacco products, they are found at levels in tobacco
smoke particulate that must be considered when assess-
ing the harm from the use of burned tobacco. The con-
centration of nitrogen-containing compounds in tobacco
influences the levels of HCAs that are found in the smoke,
and reducing the nitrogen content may be a means of
reducing HCAs.

Effect of Additives on
Tobacco Smoke

Chemical additives are introduced into cigarette
tobacco for a variety of specific purposes, including pH
adjustment, maintenance of moisture (humectants), ame-
lioration of the harshness of smoke, control of the burn
rate, and impartation of desirable flavor to the smoke
(Penn 1997). The taste and flavor of cigarette smoke is
affected primarily by the tobacco blend and is further
modified with additives. Specific additives are applied
to mask the harshness of lower-quality tobacco (World
Tobacco 2000). Early in the processing of burley and flue-
cured tobaccos, a solution called “casing” is added to the
shreds of tobacco lamina. The casing is a slurry containing
humectants (e.g., glycerol and propylene glycol) and fla-
vor ingredients with low volatility (e.g., cocoa, honey, lico-
rice, and fruit extracts) that lend a pleasant aroma. After
the tobacco is aged, a top-flavoring solution is added to the
finished cigarette blend. Top flavoring is generally an alco-
hol- or rum-based mixture containing volatile compounds
(e.g., menthol) and other ingredients (e.g., aromatic com-
pounds, essential oils, and extracts) that are added imme-
diately before packaging (Penn 1997; Fisher 1999).

Even though the specific ingredients added to indi-
vidual cigarette brands are proprietary, a collective list of
599 additives used in U.S. cigarettes has been published
on the World Wide Web (Indiana Prevention Resource
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Center 2005). The “599 list” contains individual chemical
compounds and complex additives, such as essential oils,
juices, powders, oleoresins, and extracts. Included in the
list are complex natural extracts and essential oils, such
as anise, cassia, cedarwood, chocolate, cinnamon, gin-
ger, lavender, licorice, nutmeg, peppermint, valerian, and
vanilla. The list also includes individual organic chemi-
cal compounds, such as 1-menthol, 3-methyl penta-
noic acid, anethole, [B-caryophyllene, caffeine, ethyl
acetate, y-decalactone, isoamyl acetate, methyl cinnamate,
sucrose, and vanillin. The compounds in the 599 list have
been approved by the U.S. Food and Drug Administration
as generally recognized as safe for use in foods (Hoffmann
and Hoffmann 1997). Virtually any material with this
approval as a food additive is used in cigarette manufactur-
ing (World Tobacco 2000). However, this use is based on
the broad assumption that additives designated as safe for
ingestion are safe to burn and inhale in cigarette smoke.
Because of the detoxifying action of the liver on blood
coming directly from the digestive tract and the move-
ment of blood from the lungs into the general circulation
without first passing through the liver, the toxic effects
associated with ingesting a compound can differ from the
toxic effects of breathing it. Studies indicated that euge-
nol, a compound found in many natural extracts and used
as an additive in clove cigarettes, had an LDs, 200 times
lower in Fischer rats when administered intratracheally
compared with gavage (LaVoie et al. 1986). Although this
did not simulate inhalation, it did raise concern about
increased toxicity of this compound to the lung.

Cigarette tobacco is a complex physicochemical
mixture containing several types of tobacco and numer-
ous additives (Hoffmann and Hoffmann 1997). The fla-
vor compounds in tobacco can be transferred into the
smoke by distillation, combustion, or pyrolysis (Green et
al. 1989). Newly emerging flavored “dessert” cigarettes
marketed under names such as Midnight Berry, Mandarin
Mint, and Mocha Taboo (Carpenter et al. 2005) may repre-
sent new sources of exposure to harmful substances, but
the qualitative and quantitative differences in smoke from
these cigarettes have not been described.

One of the most common tobacco additives is men-
thol, a monoterpene alcohol (Burdock 1995) first used in
cigarettes in the mid-1920s (Reynolds 1981) and subse-
quently added to most cigarettes (Eccles 1994). Natural
sources of menthol include plants in the mint family,
namely, peppermint (Mentha piperita) and corn mint
(Mentha arvensis) (Burdock 1995). Flavorants derived
from natural sources generally contain a mix of com-
pounds, in contrast to flavoring compounds that are
chemically synthesized. If menthol added to the tobacco
is derived from natural sources, such as peppermint,
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constituents such as pulegone may also be present at low
concentrations. Submicrogram concentrations of pule-
gone (0.024 to 0.29 ng/g) were measured in 12 mentho-
lated brands but were not detected in nonmentholated
brands (Stanfill and Ashley 1999). Menthol can be added
on the tobacco, the filter, or the foil pack (Wayne and
Connolly 2004). Menthol levels in smoke have ranged be-
tween 0.15 and 0.58 mg generated per cigarette for sev-
eral brands (Cantrell 1990). Unlike most nonmentholated
cigarettes, menthol cigarettes usually contain more flue-
cured and less burley tobacco, along with reconstituted
tobacco made without added ammonia.

Although they generally are regarded as safe for use
in foods, certain flavor-related chemicals added to ciga-
rettes and found in cigarette smoke (Stanfill and Ashley
1999) have known toxic properties. In an analysis of 12
flavor compounds in tobacco fillers from 68 U.S. cigarette
brands, concentrations of compounds were 0.0018 to 43.0
pg/g (Stanfill and Ashley 1999). Also, 62 percent of the 68
brands contained detectable levels of 1 or more of the 12
flavor compounds. Piperonal and myristicin were present
at the highest concentrations. Anethole, myristicin, and
safrole were found in 20 percent or more of the brands;
pulegone, piperonal, and methyleugenol were each pres-
ent in at least 10 percent of the brands. In four brands,
safrole, myristicin, and elemicin were found together,
which strongly suggests the presence of flavorings such as
nutmeg or mace (Myristica fragrans) in the tobacco. Cou-
marin is a benzopyrone compound found in the tobacco
of one menthol brand at a concentration of 0.39 pg/g.
Pulegone, a monoterpene ketone found in peppermint,
was present only in mentholated brands. Tentative iden-
tification of other compounds suggested the use of flavor
agents such as cinnamon and ginger (Stanfill and Ashley
1999). In addition to tobacco analysis, mainstream smoke
particulates from several brands were also analyzed for six
flavor compounds: eugenol, isoeugenol, methyleugenol,
myristicin, elemicin, and piperonal (Stanfill and Ashley
2000). Levels of these compounds in the smoke from eight
U.S. cigarette brands were 0.0066 to 4.21 pg generated per
cigarette. The measurements suggested that a portion of
eugenol and isoeugenol in smoke from some cigarettes
could be a by-product of the burning tobacco. Also, when
filter ventilation holes in the cigarette were partially or
fully blocked, the transfer of these compounds from
tobacco filler to mainstream smoke particulates increased
twofold to sevenfold.

In summary, the impact of flavor-related additives
on the toxicity, carcinogenicity, and addictive properties
of tobacco products has not been thoroughly studied. In
addition to the known harmful properties of these com-
pounds, they may potentiate the effects of other known
smoke constituents or alter the way people smoke

cigarettes. These additives may also increase the initiation
and continuation of smoking in the population.

Delivery of Chemical Constituents
into Tobacco Smoke

Various tobacco types are used in the manufacture
of cigarettes and other tobacco products. Lamina from
bright, burley, and oriental tobacco varieties, along with
reconstituted tobacco sheet, is the main filler component
used in cigarettes (Hoffmann and Hoffmann 1997). In
addition to lamina, cigarette filler often contains puffed
or expanded tobacco, tobacco stems, humectants, and
various flavor additives (Hoffmann and Hoffmann 1997;
Abdallah 2003a). One tobacco variety such as bright can
be used, or several varieties can be mixed together in
products with specific tobacco blends. Most commercial
cigarettes are constructed primarily from bright tobacco
or from a blend of mainly bright, burley, and oriental
tobaccos, usually referred to as an American blend (Browne
1990). However, a few small geographic areas outside the
United States (e.g., France) have regional preferences for
cigarettes made exclusively from dark, air-cured tobacco
(Akehurst 1981; Tso et al. 1982). Each type of tobacco has
unique properties that influence packing density (Artho
et al. 1963), burn rate (Muramatsu 1981), tar and nico-
tine delivery (Griest and Guerin 1977), and flavor and
aroma (Davis 1976; Enzell 1976; Leffingwell 1976). Bright
tobacco, also known as flue-cured or Virginia tobacco, has
lower nitrogen content (i.e., less protein) and higher sugar
content than do the other varieties. Burley and Maryland
tobaccos are air cured and typically have higher nicotine
content but reduced sugar content.

Sakuma and colleagues (1984) measured the smoke
components in mainstream and sidestream smoke and
found that nitrogen-containing compounds were abun-
dant in smoke from burley tobacco, whereas the non-
nitrogen-containing compounds were more abundant
in smoke from bright and oriental tobaccos. Oriental
tobacco is often included in blended varieties because of
its unique aromatic properties (Browne 1990). Cigarettes
such as light or ultralight varieties that deliver low yields
of tar and nicotine by FTC/ISO machine measurement
often contain puffed or expanded tobacco lamina with
higher “filling power” (Kertsis and Sun 1984; Lewis 1990;
Kramer 1991), which lowers the density of the tobacco
rod, thus lowering the amount of tobacco in each ciga-
rette. Several types of reconstituted tobacco sheet are also
used to manufacture cigarettes (Abdallah 2003b).

Development of reconstituted tobacco was an
attempt at 100-percent utilization of tobacco (Abdallah
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2003b). Stems, ribs, and scrap lamina are combined with
various binders and other additives to form a “reconsti-
tuted” sheet approximating the physical and chemical
characteristics of a tobacco leaf (Browne 1990; Blackard
1997; Abdallah 2003b). A common additive in reconsti-
tuted tobacco is diammonium hydrogen phosphate, which
is used as a pectin release agent that facilitates cross-
linkage to form stable sheet material (Hind and Selig-
man 1967, 1969; Hind 1968). Reconstituted tobacco sheet
containing this additive selectively adsorbs nicotine from
surrounding lamina and enriches it in an environment
abundant in ammonia precursors (Larson at al. 1980).

The stages of manufacturing a cigarette include
processing the tobacco lamina and reconstituted tobacco
materials and slicing them into shreds of a specific cut
width. Tobacco cut widths vary from approximately 1.5
mm for a coarse cut to 0.4 mm for a fine cut (Hoffmann
and Hoffmann 1997). Alternatively, the cut width may
be expressed in units of cuts per inch, which range from
approximately 14 to 48. Cigarettes made from fine-cut
tobacco have faster static burn rates resulting in fewer
puffs (Resnik et al. 1977). A consequence of using tobacco
filler with a fine-cut width is that the ratio of filler sur-
face area to void volume increases and may increase the
efficiency of the tobacco column to filter large aerosol par-
ticles (Keith and Derrick 1960).

The papers used in cigarettes are generally flax or
linen fiber and may contain additives (Browne 1990). Salts
often are added to the cigarette paper as optical whiten-
ers to achieve a target static burn rate and to mask the
appearance of sidestream smoke (Schur and Rickards
1960; Owens 1978; Durocher 1984). A key physical prop-
erty of the paper wrapper is its porosity. Papers with high
porosity facilitate diffusion of gases in and out of the
tobacco rod (Newsome and Keith 1965; Owen and Reyn-
olds 1967). Volatile smoke constituents such as CO read-
ily diffuse through a porous wrapper, so delivery to the
smoker is lower than that with less volatile constituents.
High-porosity papers also permit more O, to diffuse
inward, which increases the static burn rate and the air-
flow through the tobacco column that dilutes the smoke.
A faster-burning cigarette yields fewer puffs, reducing
tar and nicotine delivery per cigarette (Durocher 1984).
Porosity of the paper, filler cut width, filter efficiency,
and tobacco density all make important contributions to
reduction of pressure drop in the tobacco rod, which is
a key index related to acceptance by smokers (Norman
1999). Smokers prefer a cigarette on which they do not
have to draw too hard because of changes in pressure drop
as a result of design. A separate but related parameter, fil-
ter pressure drop, is directly related to smoke delivery and
filter efficiency (Norman 1999).
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In 2006, cigarette lengths generally fell into one
of four categories in the U.S. market: king-size filter
cigarettes (79-88 mm; accounting for 62 percent of the
market); long (94-101 mm; 34 percent of the market);
ultra long (110-121 mm; 2 percent of the market); and
regular, nonfilter cigarettes (68-72 mm; 1 percent of the
market) (FTC 2009). The usual diameter of a conven-
tional cigarette is 7.5 to 8.0 mm (Norman 1999), although
some “slims” have diameters of 5 to 6 mm. The amount
of tobacco consumed varies with the circumference of
the cigarette, and in cigarettes with smaller circumfer-
ence, delivery of constituents in the smoke to the smoker
decreases accordingly (Ohlemiller et al. 1993). The greater
surface of the wrapper in long cigarettes increases the
opportunity for gaseous diffusion out of the cigarette,
which can (1) reduce delivery of highly volatile constit-
uents of mainstream smoke to the smoker, but increase
delivery to the nonsmoker and (2) increase the static burn
rate as more O, diffuses inward (Moore and Bock 1968).
However, long cigarettes generally facilitate delivery of
higher tar and nicotine levels, because more tobacco mass
is burned.

Before the 1950s, most cigarettes were about 70 mm
long and unfiltered (Hoffmann and Hoffmann 1997). The
addition of a filter tip to a cigarette can greatly reduce
delivery of many chemical constituents of mainstream
smoke as determined by the FTC/ISO machine-smoking
method (Fordyce et al. 1961; Williamson et al. 1965). This
reduction was attributed to filtering of the smoke particu-
late and reducing the amount of tobacco in each cigarette.
Cost savings are also achieved because the filter material
is less expensive than the tobacco (Browne 1990). Filters
provide a firm mouthpiece and permit the smoker to avoid
direct contact with the tobacco. Cigarettes with modern
cellulose-acetate filter tips gained about 96 percent of
the market share by the 1970s (Hoffmann and Hoffmann
1997). In the United States, cellulose-acetate filter tips are
the most popular and can selectively remove certain con-
stituents of the smoke, including phenols and alkylphe-
nols (Hoffmann and Wynder 1963; Spears 1963; Baggett
and Morie 1973; Morie et al. 1975). Typically, a bonding
agent such as triacetin or glycerol triacetate is used to
facilitate filter manufacturing (Browne 1990). The filtra-
tion efficiency is proportional to the length, diameter,
size, and number of fiber strands and the packing density
of the cigarette (Keith 1975, 1978; Eaker 1990). Flavoring
agents or other materials can also be incorporated into the
filter design.

Extensive research from the 1960s has examined
the use of activated charcoal in the cigarette filter to
efficiently remove volatile compounds (Newsome and
Keith 1965; Williamson et al. 1965; Keith et al. 1966). The
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addition of activated charcoal significantly reduced levels
of volatile compounds, such as formaldehyde, cyanide, and
acrolein (Williamson et al. 1965; Spincer and Chard 1971).
Charcoal filters reduced the delivery of H,S to mainstream
smoke (Horton and Guerin 1974). Both cellulose-acetate
and charcoal filters removed some of the volatile pyridines
(Brunnemann et al. 1978). Coatings with metallic oxides
were extremely efficient at removing acidic gases (Keith et
al. 1966). Filter designs can also be tailored to selectively
pass and not trap certain classes of targeted compounds.
For instance, inclusion of alkaline materials in the filter
inhibits filtration of gaseous nicotine (Browne 1990).

One key technology used to reduce FTC/ISO
machine-measured tar and nicotine delivery is the inclu-
sion of microscopic ventilation holes in the paper wrapper
(Harris 1890) or the filter paper. These holes cause the
mainstream smoke to become diluted with air (Norman
1974). Filter ventilation holes are usually located in one or
more rings about 12 mm from the mouth end of the filter
(Baker and Lewis 1997). The amount of filter ventilation
ranges from about 10 percent in some full-flavored variet-
ies to 80 percent in brands measured as having very low
delivery by using the FTC smoking regimen (CDC 1997).
Filter ventilation also contributes to control of the burn
rate (Durocher 1984). The tiny perforations can be made
by mechanical means, electrostatic sparking, or laser
ablation. Paper permeability can also be used to increase
air dilution, although as the cigarette is consumed, this
effect becomes less important. Delivery of lower levels
of the constituents of mainstream smoke, as measured
under FTC machine-smoking conditions, occurs when
smoke drawn through the cigarette rod mixes and is
diluted with air drawn through filter ventilation holes.
Under FTC machine-smoking conditions, filter ventilation
is highly effective in reducing delivery of chemical con-
stituents (Norman 1974). However, the fingers or lips of
smokers may cover vent holes when they smoke cigarettes
and reduce the amount of air available for dilution, which
results in delivery that is higher than expected (Kozlowski
et al. 1982, 1996).

Cigarette smoke is formed by (1) the condensation
of chemicals formed by the combustion of tobacco, (2)
pyrolysis and pyrosynthesis, and (3) distillation products
that form an aerosol in the cooler region directly behind
the burning coal (Browne 1990). During a puff, the coal
temperature reaches 800°C to 900°C, and the tempera-
ture of the aerosol drops rapidly to slightly above room
temperature as it travels down the tobacco rod (Touey and
Mumpower 1957; Lendvay and Laszlo 1974). As the smoke
cools, compounds with lower volatility condense first, and
many of the very volatile gaseous constituents, such as
CO, remain in the gas phase. The cooler tobacco rod acts
as a filter itself, and some portions of the smoke condense

(Dobrowsky 1960) as the smoke is drawn through the
tobacco column during a puff.

Torikai and colleagues (2004) examined the influ-
ence of the temperature, the pyrolysis environment, and
the pH of the tobacco leaf on the formation of a wide
variety of constituents of tobacco smoke. Their findings
showed that, in general, the yields of the chemical con-
stituents in tobacco smoke that present health concerns
increased as the temperature increased from 300°C to
1,000°C, but some compounds (e.g., acrolein and form-
aldehyde) reached their maximum yield at 500°C and the
yield remained approximately the same at higher tem-
peratures. The presence of O, in the pyrolysis atmosphere
increased the yield of acrolein and other volatile organic
compounds but lowered the levels of cyanide, phenol, and
1-aminonaphthalene. The pH of the tobacco had a mixed
effect on the levels of toxic chemicals in tobacco smoke.
Levels of B[a]P, cyanide, quinoline, resorcinol, and acry-
lonitrile increased with a lower pH, and hydroquinone
and 1-naphthylamine levels increased with higher pH.
The effects of the pH and pyrolysis atmosphere combine
to influence the radical reactions that generate many con-
stituents in tobacco smoke.

In summary, design features of the cigarette have a
major influence on the yield of the constituents in smoke.
Altering the tobacco blend, filter type and length, cut
width, paper porosity, ventilation, and chemical additives
alters the levels of many constituents of smoke.

Delivery of Chemicals to Smokers

In addition to cigarette design, the major factors
that influence the delivery of chemicals to smokers are
characteristics of puffing (puff volume, duration, and fre-
quency), cigarette length smoked, and blocking air dilu-
tion holes on the filter tips of ventilated cigarettes (e.g.,
with the mouth or fingers). Testing cigarettes by using
smoking machines or smokers in a laboratory setting can
elucidate how certain design factors and smoking charac-
teristics can influence the chemical components in smoke.
However, the results obtained in a laboratory cannot be
directly applied to populations of smokers because many
factors influence the way a person smokes each cigarette.

In a laboratory setting, Fischer and colleagues
(1989a) investigated the influence of smoking param-
eters on the delivery of TSNAs in mainstream smoke for
six cigarette brands. The research included filter-tipped
cigarettes with very-low-to-medium ISO/FTC vyields of
constituents of smoke and unfiltered cigarettes with high
and very high ISO smoke yields. The major finding was
that the puff profile and duration had no remarkable
influence on TSNA delivery, but puff volume and frequency
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significantly increased TSNA yields. The dependency of
TSNA delivery on the volume of smoke emitted from one
cigarette (puff volume x number of puffs) was almost lin-
ear up to a total volume of approximately 500 mL. TSNA
yield was equivalent for the same total volume whether
the total volume was from a change in puff volume or
puff frequency. Thus, the total volume drawn through a
cigarette was the main factor responsible for delivery of
TSNAs in mainstream smoke.

In another study, average levels of tar, nicotine, and
CO per liter of smoke and per cigarette were determined
for 10 brands of cigarettes smoked under 27 machine-
smoking conditions (Rickert et al. 1986). Yields per ciga-
rette were highly variable across smoking conditions,
because of differences in the total volume of smoke. The
results of a simple linear regression analysis indicated that
up to 95 percent of the variation in tar yield per cigarette
could be explained by variation in the total volume of
smoke produced per cigarette. Puffing behavior (topogra-
phy), especially the interpuff interval and total smoke vol-
ume per cigarette, which were influenced by puff volume,
number of puffs, and length of the cigarette smoked, were
the primary determinants of blood levels of constituents
of cigarette smoke (Bridges et al. 1990).

The influence of machine-smoking parameters on
levels of chemical constituents measured in smoke is well
illustrated in the work of Counts and colleagues (2005).
This research was performed according to the ISO, MDPH,
and CAN regimens described earlier. The study examined
levels of 44 chemicals emitted in cigarette smoke. Not sur-
prisingly, the more intense smoking regimens resulted in
higher levels of constituents in cigarette smoke. However,
in some cases, the emissions of the constituents did not
maintain their relative levels as a result of different burn-
ing properties of the tobacco under different regimens
and because of breakthrough in charcoal filters in the
more intense smoking regimens. Because the intensity of
smoking changes, the delivery of chemicals to the smoker
varies and cannot be assessed by using a single smok-
ing regimen.

In studies of 129 female and 128 male smokers
of contemporary cigarettes, Melikian and colleagues
(2007a,b) reported data on smoking topography and
exposure to toxic substances in mainstream smoke of cig-
arettes that deliver a wide range of nicotine as reported
by the FTC/ISO method. Exposure was determined by the
delivered dose and urinary biomarkers. The first study
focused on whether differences in gender and ethnicity
affect delivered doses of select toxicants in mainstream
cigarette smoke, as a result of differences in smoking
behavior or type of cigarettes smoked (Melikian et al.
2007b). Smoking topography differed significantly
between females and males. Compared with men, women
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drew more (13.5 versus 12.0; p = 0.001) but smaller puffs
(37.6 versus 45.8 mL; p = 0.0001) of shorter duration (1.33
versus 1.48 seconds; p = 0.002). Women also smoked a
smaller portion of the cigarettes (36.3-mm butts [40.2
percent of cigarette length] versus 34.3-mm butts [39.2
percent of cigarette length]; p = 0.01). Although smoke
volume per cigarette did not differ between women and
men (p = 0.06), the daily dose of smoke was significantly
higher in men (9.3 versus 8.0 liters [L]; p = 0.02), because
men consume a greater number of cigarettes per day.

When data were stratified by race, no difference
was found in puffing characteristics between European
American and African American female and male smokers,
except that African American women and men smoked
equal lengths of the cigarettes (34.5- versus 33.9-mm
butts; p = 0.93). However, African Americans smoked
fewer cigarettes, so the daily smoke volume was signifi-
cantly higher among European American smokers (8.61
versus 7.45 L for women; 10.6 versus 7.8 L for men). The
emissions of select toxicants per cigarette, as determined
by use of machine-smoking regimens that mimicked each
smoker, were consistently greater among male smokers
than among the female smokers, and they correlated sig-
nificantly with delivered smoke volume per cigarette. The
geometric means of emissions of nicotine from cigarettes
were 1.92 mg per cigarette for women versus 2.2 mg for
men (p = 0.005). Cigarettes smoked by women yielded
139.5 ng of NNK per cigarette compared with 170.3 ng
for men (p = 0.0007). Bla]P emissions were 18.0 ng per
cigarette for women and 20.5 ng for men (p = 0.01). Dif-
ferences between women and men in delivery of toxicants
in cigarette smoke to the smoker were more profound in
European Americans than in African Americans. On aver-
age, African American men’s smoking behavior produced
the highest emissions of select toxicants from cigarettes,
and European American female smokers received the low-
est amounts of toxicants.

The second study by Melikian and colleagues (2007a)
investigated urinary concentrations of biomarkers in rela-
tion to levels of select toxicants in mainstream cigarette
smoke, as determined by using machine-smoking regi-
mens that mimicked the smoking behavior of each smoker.
In this study of 257 smokers, the researchers determined
levels of nicotine, NNK, and B[a]P in mainstream smoke
and concentrations of the respective urinary metabolites:
cotinine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol
(NNAL), and 1-hydroxypyrene (1-HOP). The smokers were
assigned to groups according to the FTC yield of toxic
substances in the cigarettes they smoked: low yield (0.1
to 0.8 mg of nicotine generated per cigarette, medium
yield (0.9 to 1.2 mg), and high yield (>1.3 mg). Concentra-
tions of urinary metabolites, expressed per level of par-
ent compound delivered decreased with increased smoke
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emissions. In smokers of low-, medium-, and high-yield
cigarettes, as measured by FTC methods, the respective
ratios of cotinine (nanograms per milligram of creatinine)
to nicotine (milligrams per day) were 89.4, 77.8, and 57.1
(low versus high; p = 0.06). Ratios of NNAL (picomoles per
milligram of creatinine) to NNK (nanograms per day) were
0.81, 0.55, and 0.57 (low versus high; p = 0.05). Ratios of
1-HOP (picograms per milligram of creatinine) to Bla]P
(nanograms per day) were 1.55, 1.13, and 0.97 (low versus
high; p = 0.008). Similarly, for smokers who consumed
fewer than 20 cigarettes per day, the means of cotinine
per unit of delivered nicotine were 3.5-fold higher than
those for smokers of more than 20 cigarettes per day. Like-
wise, a negative correlation was observed between ratios
of cotinine to nicotine and delivered doses of nicotine in
subgroups of smokers who used the identical brand of cig-
arettes, namely a filter-tipped, vented Marlboro (r = -0.59),
which is a popular brand among European Americans, and
Newport (r = -0.37), a menthol-flavored cigarette without
filter-tip vents that is preferred by African Americans. The
researchers concluded that the intensity of smoking and
the mouth levels of smoke constituents significantly affect
the concentrations of urinary biomarkers of exposure and
should be taken into account in evaluating human expo-
sure to toxic substances in cigarette smoke.

Regarding the influence of cigarette type on urinary
biomarkers of exposure to toxic substances in mainstream
smoke, there is a slight difference in puff volume and
puff frequency among smokers of low-FTC-yield versus
medium-FTC-yield cigarettes, as measured under FTC
conditions (Djordjevic et al. 2000). Smokers of low-FTC-
yield brands drew somewhat larger puffs (48.6 versus 44.1
mL) and inhaled more smoke both per cigarette (615 ver-
sus 523 mL) and daily (9.5 versus 8.2 L). However, delivered
doses of NNK and B[a]P were marginally higher among
smokers of medium-yield cigarettes (NNK: 250.9 versus
186.5 ng per cigarette; Bla]P: 21.4 versus 17.9 ng). On the
other hand, Hecht and colleagues (2005) found no differ-
ences in urinary biomarkers of exposure to NNK and B[a]P
among smokers of regular, light, or ultralight cigarettes.

Researchers have also suggested that blocking ven-
tilation holes during smoking can result in increased
delivery of smoke constituents. For example, when puff
and inhalation parameters were allowed to vary, partici-
pants took significantly more and larger puffs from ciga-
rettes with unblocked ventilation than from those with
completely blocked ventilation (Zacny et al. 1986; Swee-
ney et al. 1999). Hoffmann and colleagues (1983) found
that blocking air-dilution holes in seven brands of com-
mercial filter-tipped cigarettes increased nicotine yields by
69 percent, tar yields by 51 percent, and CO yields by 147
percent. Another study examined a cigarette brand with
tar and nicotine yields of 4.0 and 0.4 mg, respectively,

under various conditions of machine smoking intended to
reflect the wide range of smoking behaviors (Rickert et al.
1983). The researchers studied three levels of five smoking
parameters (butt length, puff duration, puff interval, puff
volume, and ventilation occlusion) and the effects on the
number of puffs and TPM, and they estimated gas phase,
particulate phase, and total yields of HCN. The HCN and
TPM yields varied significantly under different smoking
conditions. Ventilation occlusion had the most pronounced
effect, accounting for 34 percent of the response variation
in TPM yields and 42 percent of the response variation in
total HCN yields.

Comparison of normal lip contact during smoking,
which partially blocked filter vents, and smoking through
a cigarette holder, which avoided blocking, showed higher
nicotine boosts with normal lip contact (Hofer et al. 1991).
Exposure to other smoke constituents may vary with the
degree of blocking. Sweeney and colleagues (1999) found
that blocking the filter vents of cigarettes with ventilation
levels of at least 66 percent led to significant increases in
CO exposure. The same manipulation of filter vents in cig-
arettes with filter ventilation levels of 56 percent or lower
appeared to have negligible consequences for CO exposure.
In another report, CO exposure from completely blocked
filter vents was twice as high as from the unblocked vents
(8.96 versus 4.32 parts per million [ppm]) (Zacny et al.
1986). Blocking filter vents also resulted in higher CO
exposure in a study by Hofer and associates (1991). Block-
ing filter ventilation holes is not the only element of smok-
ing topography that influences filter efficiency. More rapid
or intense puffing increases flow rates, which results in
less effective filtration, because the smoke passes through
the tobacco column and filter material more quickly with
less opportunity for adsorption on the filter’s fibers. This
smoking behavior also reduced the time for highly volatile
gaseous materials to diffuse outward through the ciga-
rette’s paper wrapper.

An “elastic” cigarette is one that shows low levels of
tar and nicotine when it is tested on a smoking machine
but can potentially yield higher levels of emissions to
smokers (Kozlowski et al. 2001). When cigarettes are elas-
tic, smokers can extract as much nicotine as they need by
changing their pattern of puffing on the cigarette. Analy-
sis of tobacco from commercial American blend cigarettes
purchased in the United States in 1990 revealed that
the nicotine content did not differ substantially among
brands that delivered a wide range of FTC-measured yields
(Kozlowski et al. 1998). This cigarette design allowed
delivery of virtually any amount of nicotine, depending
on puffing behavior. Because there are similar amounts
of other constituents in tobacco (e.g., TSNAs, metals,
nitrates, and nitrites), regardless of the FTC ranking of the
cigarette brand, more intense smoking to obtain a desired
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dose of nicotine leads to higher exposure to carcinogens.
Historically, smokers have refused to use brands designed
to reduce delivery of nicotine. For example, one company
experimented with a modified cigarette containing denic-
otinized tobacco and a tar yield of 9.3 mg generated per
cigarette but a nicotine yield of only 0.08 mg, as deter-
mined by using the FTC regimen, but this product was not
successfully marketed (Rickert 2000).

Not all of the smoke volume delivered in the puff
is inhaled by the smoker. Some escapes during mouth
holding before inhalation. The depth of inhalation may be
important for some smoke constituents but not for oth-
ers, which is not surprising because of the complexity of
the physics related to particle size that is involved with
smoking and respiration. Finally, even very brief breath
holding at peak inspiration can theoretically contrib-
ute to increased diffusion of some smoke constituents
across alveolar membranes, as the intra-alveolar pres-
sure increases.

There are considerable individual differences in
inhalation patterns. In one study, inhaled smoke volume
was measured by tracing the smoke with an isotope of the
inert gas krypton (Woodman et al. 1986). The percentage
of inhaled smoke (total inhaled smoke volume per total
puff volume) averaged between 46 and 85 percent among
persons in the study. Neither the mean inhaled smoke vol-
ume per puff nor the total inhaled smoke volume per ciga-
rette was significantly correlated with any of the indices
for puffing.

Evidence on the importance of inhalation patterns
to total smoke exposure is mixed (Woodman et al. 1986;
Zacny et al. 1987; Zacny and Stitzer 1996). Variations
in results may be related to the small number of per-
sons tested and to the difficulties inherent in accurately
capturing the relationship between puffing indices and
total inhaled smoke. Methods used include pneumogra-
phy using a mercury strain gauge, whole-body (head and
arms out) plethysmography, impedance plethysmography,
inductive plethysmography, and inert gas radiotracers.
The method most commonly used in U.S. laboratories
that study smoking is inductive plethysmography, in
which chest and abdominal expansions are measured by
bands applied around the rib cage and the abdomen. Sig-
nificant practical limitations include difficulties in accu-
rate calibration of the systems and adequate integration of
chest and abdominal expansions, especially because men
tend to have greater abdominal expansion than women do.
Measurement artifacts created by movement during mea-
surement are another limitation. Studies of the accuracy
of the systems have shown fair results in adults (Zacny et
al. 1987). Errors in volume measurements were typically
approximately 100 mL over a large number of respira-
tory cycles. Unfortunately, the attributes of the systems
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have not been well studied for the puff-by-puff evaluation
of human smoking behaviors. In addition, the most use-
ful information will come from integrating puff analy-
ses with inhalation parameters on a puff-by-puff basis to
assess mouth holding and breath holding at peak inha-
lation. Studies such as those cited above have shown
that mechanical testing regimens cannot mimic the
way people smoke cigarettes. These findings suggest the
importance of expressing the levels of toxic constituents
as a ratio with nicotine or puff volume in the denominator
(Rickert et al. 1985; Burns et al. 2008).

The size of particles containing chemical species can
affect their retention in the lung. Cigarette smoke is an
aerosol formed as the vapors generated in the pyrolysis
zone cool and condense. Cigarette design has been shown
to control particle-size distribution in an aerosol, so par-
ticles become easier or more difficult to inhale (Stéber
1982; Ingebrethsen 1986; McRae 1990; Wayne et al. 2008).
Burning finer-cut tobacco creates an aerosol with smaller
particles, which are easier to inhale. Thus, changing the
filler cut width can change the distribution of particle
size in the aerosol and the chemistry. Particle size is also
altered by air dilution. Dilution reduces the aerosol con-
centration and, thus, the coagulation rate. The particle
size of the smoke is increased by increasing the coagula-
tion rate or by condensing the moisture produced during
combustion onto the smoke particles. According to Ishizu
and colleagues (1987), the timed average particle size
(equivalent diameter) for major chemical components
in tobacco smoke was 0.03 to 0.5 pm, and constituents
with higher boiling points tended toward larger particle
sizes. Very small particles are more likely to be retained
in the lungs. The overall equivalent diameter of particles
of crude tar in tobacco smoke was 0.21 pm. Nicotine was
usually present in small particles (e.g., 0.08 pm). Parti-
cle size influences how fast chemicals are transferred to
tissue. Particles larger than 0.3 pm are more likely than
smaller particles to be absorbed in the mouth and throat
than in the lungs (Wayne et al. 2008).

Accurate measurement of particle size distribution
in cigarette smoke is important for estimating deposition
in the lung (Anderson et al. 1989). Most earlier studies
(1960-1982) reported a median diameter of 0.3 to 0.5 pm,
including a few ultrafine particles (<0.1 pm). Using the
electrical aerosol analyzer, Anderson and colleagues (1989)
reported similar values for median diameter (0.36 to 0.4
pm) for the particles emitted in smoke from U.S. com-
mercial filter-tipped cigarettes. But, there were also dis-
tinctly smaller particles, with a median diameter of 0.096
to 0.11 pm. This finding indicated the presence of many
more ultrafine particles in the smoke than was previously
recognized. It is notable that the low- and ultralow-yield
filter-tipped cigarettes Merit and Carlton emitted smaller



How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease

particles than did the full-flavored Marlboro cigarettes.
Ultrafine particles are of toxicologic importance because
their deposition in the respiratory tract was significantly
higher than that of the 0.3- to 0.5-pm particles. Also, the
relatively large surface-to-volume ratio of the ultrafine
particles could facilitate adsorption and delivery of poten-
tially toxic gases to the lung.

An alternative analysis of the impact of particle
size on deposition in the lung suggested that growth in
particle size may accelerate deposition in the respiratory
tract (Martonen and Musante 2000). Because of their
hygroscopicity, inhaled smoke particles may grow to sev-
eral times their original diameter. This study suggested
that mainstream cigarette smoke could behave aero-
dynamically as a large cloud (e.g., 20 pm in diameter)
rather than as submicrometer constituent particles. The
effect of cloud motion on deposition is pronounced. For
example, an aerosol with a mass median aerodynamic
diameter of 0.443 pm and a geometric standard deviation
of 1.44 would have the following deposition fractions: lung,
0.14; tracheobronchial, 0.03; and pulmonary, 0.11. When
cloud motion is simulated, the total deposition is concen-
trated in the tracheobronchial compartment, especially
in the upper bronchi, and pulmonary deposition is negli-
gible. Cloud motion produces a heterogeneous deposition
resulting in increased exposure of underlying airway cells
to toxic and carcinogenic substances. The deposition sites
correlate with the incidence of cancers in vivo.

Although most of the smoke particles deposit in
the periphery of the lung, the surface concentrations of
deposited particles are not significantly greater in the
periphery than in centrally located airways (Muller et al.

Biomarkers

1990). Concentrations on the surface of the central air-
way are relatively independent of breathing patterns and
airway geometry. This finding suggests that the effects of
deposition of particles from cigarette smoke cannot be
greatly reduced by changing the pattern of smoke inha-
lation. Efforts to manipulate particle size in smoke have
been described in greater detail in a report by Wayne and
colleagues (2008). Their study draws on internal tobacco
company documents to assess industry consideration of
the role of smoke particle size as a potential controlling
influence over inhalation patterns and exposure of lungs
to harmful substances. The researchers reported that
tobacco manufacturers evaluated manipulation of particle
size to control physical and sensory attributes of tobacco
products and to reduce health hazards related to exposure
to tobacco smoke. Examples of design features of tobacco
products that relate to potential effects on generation
of particle size and distribution of particles include puff
flow rate, tobaccos and experimental blends, combus-
tion, circumference, rod length, and ventilation (Wayne et
al. 2008).

In summary, smoking behavior (puff volume,
number of puffs per cigarette, and percentage of ventila-
tion holes blocked) has a major impact on the levels of
toxic, carcinogenic, and addictive compounds delivered
to the smoker in cigarette smoke. The puffing patterns
of smokers vary considerably from person to person. To
completely understand the effect of specific harmful
chemical constituents on smokers, further research is
needed to explore how cigarette design and the chemical
makeup of cigarettes influence use of the product.

General Concepts

Accurate prediction of health risks from cigarette
use is complicated by several factors, including the chemi-
cal complexity of cigarette smoke, significant variations
among the dose-response relationships for the many dis-
eases associated with exposure to cigarette smoke, quali-
tative and quantitative changes in the dose of cigarette
smoke received by smokers throughout their smoking
histories, and the long latencies between the initiation
of exposure and the onset of some diseases, such as vari-
ous cancers, caused by smoking cigarettes. Prediction is
also hampered by the ever-changing number and types of

tobacco products available to consumers, as well as fluc-
tuations in the composition of the products (Stratton et
al. 2001).

Before the term “biomarker” was coined, biomedical
researchers used the appearance of unique markers such
as carcinoembryonic antigens (Burtin et al. 1972) to diag-
nose and monitor cancer or panels of metabolic or physi-
ological risk factors (e.g., serum cholesterol, maternal
serum o-fetoprotein, and serum angiotensin-converting
enzyme) to predict the clinical course of adverse effects on
health. During the 1980s, the National Research Council
(NRC) issued a series of reports that covered the concep-
tual basis for using biomarkers and reviewing biomarkers
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related to major organ systems and diseases (Committee
on Biological Markers of the NRC 1987). In an early com-
prehensive discussion of biomarkers as risk assessment
tools, Hattis (1986) described their value in characteriz-
ing dose-response relationships, estimating internal dose,
extrapolating across species, and assessing interindivid-
ual variability (DeCaprio 1997). At about the same time,
Prignot (1987) published a summary of existing chemi-
cal markers of tobacco exposure that could be used to
assess individual exposure to tobacco and exposure to sec-
ondhand tobacco smoke as well as to validate successful
smoking cessation.

In the framework for considering biomarkers pro-
posed by the NRC Committee on Biological Markers
(1987), a set of still useful definitions was offered. In brief,
exposure involves contact with the agent of concern. Dose
refers to the material that enters the body. Internal dose
refers to the amount of material entering the body, and
biologically effective dose refers to the amount of the agent
that reaches the target site(s) within the body. Markers
of health effects reflect preclinical changes short of those
reached when clinical disease occurs. Markers of suscepti-
bility are linked to increased risk on exposure.

The long latency of most diseases caused by ciga-
rette use indicates the need for predictive markers of
future risk that could identify those people already expe-
riencing preclinical effects of smoking. However, the first
widely accepted tobacco biomarkers were indicators of
exposure rather than predictors of disease risk. Breath CO,
saliva thiocyanate (Jaffe et al. 1981), serum thiocyanate
(Foulds et al. 1968), and nicotine and nicotine metabolites
(Watson 1977) were prominent in the early literature for
assessing exposure to cigarette smoke, and they remain in
use today.

In comparison with the framework and definitions
used for exposure and dose generally, a somewhat distinct
set of terms has been applied to exposure to cigarette
smoke. The 2001 report, Clearing the Smoke, published
by the Institute of Medicine defines a biomarker of expo-
sure as a tobacco constituent or metabolite that is mea-
sured in a biologic fluid or tissue and has the potential
to interact with a biologic macromolecule (Stratton et al.
2001). The definition notes that such biomarkers are also
considered as measures of internal dose. A biomarker of
a biologically effective dose is defined as the amount of a
tobacco constituent or a metabolite that binds to or alters
a macromolecule. A biomarker of a biologic event with the
potential to lead to harm is defined as a measurement of
an effect attributable to exposure, including early biologic
effects; alterations in morphology, structure, or function;
and clinical symptoms consistent with harm. In the more
general formulation, such biomarkers constitute markers
of health effects.
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Validated biomarkers of tobacco exposure exist,
and progress has been made in developing biomarkers of
biologically effective dose. The biologically effective dose
represents the net effect of metabolic activation and the
rate of detoxification in a target biologic tissue or bodily
fluid. Many tobacco-related toxicants and carcinogens
are biologically inactive until transformed by metabolic
enzymes such as cytochrome P-450s into reactive inter-
mediates. Reactive metabolic intermediates bind to mac-
romolecules such as DNA and protein and disrupt their
normal function. Not all binding to, or alteration of, a
macromolecule leads to an adverse health effect. Conse-
quently, the amount of material bound to a target mac-
romolecule provides only an estimate of the biologically
effective dose (Stratton et al. 2001). Polymorphisms of the
metabolic enzymes may modify the balance of activation
and detoxification and thus the potency and response of a
biomarker (Norppa 2003).

Biomarkers of biologic events with the potential to
lead to harm reflect changes in a cell or in cellular mac-
romolecules that result from exposure to tobacco. These
biomarkers can range from isolated changes with or with-
out effects on function to events that clearly lead to ill-
ness or are symptoms of illness (e.g., cough). Measurable
biomarkers of biologic events with the potential to lead to
harm are relatively nonspecific (Stratton et al. 2001).

Few specific biomarkers have been validated as
predictors of disease development (Stratton et al. 2001),
although some studies indicated that DNA and protein
adduct levels are associated with cancer risk (Hecht 2003).
The application of biomarkers in tobacco-related disease is
described in detail throughout this report and discussed
briefly here.

Biomarkers of Exposure

There are diverse biomarkers of exposure. The least
intrusive measurements are of chemicals and metabolic
products in the breath. Levels of exhaled CO, nitric oxide,
2,5-dimethylfuran, and volatile organic compounds (e.g.,
benzene and toluene) are higher in the breath of smok-
ers than in the breath of nonsmokers (Gordon et al. 2002;
IARC 2004). One study showed that volatile compounds
such as benzene and 1,3-butadiene have a short residence
time in the body and that their concentrations in breath
were a function of the number of cigarettes smoked and
the time between when the smoker takes a puff and when
the breath sample is collected (Gordon et al. 2002). Saliva
is another biologic material that is readily accessible and
inexpensive to collect. Cotinine, a metabolite of nicotine
(Bernert et al. 2000), and thiocyanate, a metabolite of
cyanide (Prignot 1987), can be measured in saliva; levels
of both metabolites can be used to distinguish between
smokers and nonsmokers.
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Urinary compounds are useful markers of the
uptake and metabolic processing of constituents of ciga-
rette smoke (IARC 2004). Urinary markers of exposure
to cigarette smoke are nicotine and nicotine metabo-
lites including cotinine; minor tobacco alkaloids such
as anatabine and anabasine; 1-HOP; 1- and 2-naphthol;
hydroxyphenanthrenes and phenanthrene dihydrodiols;
aromatic amines; heterocyclic amines; N-nitrosoproline;
and NNAL (Hoffmann and Brunnemann 1983; Jacob et
al. 1999; Hecht 2002; Murphy et al. 2004), thiocyanate
(Prignot 1987), acetonitrile (Pinggera et al. 2005), and
methylhippuric acids (Buratti et al. 1999). Nicotine and
its metabolites and NNAL are specific to tobacco exposure,
and compounds such as thiocyanate and 1-HOP reflect
environmental sources of exposure including diet (Van
Rooij et al. 1994; Sithisarankul et al. 1997; Hecht et al.
2004). In one study, levels of total NNAL, total cotinine,
and 1-HOP increased with the number of cigarettes
smoked per day (Joseph et al. 2005). The highest rates of
increase were observed at low levels of cigarette use (1 to
10 cigarettes per day), and levels in urine plateaued at 25
to 35 cigarettes per day.

Some urinary metabolites provide information on
metabolic activation and detoxification, as well as the dose
(Hecht 2002, 2003). Examples are frans,{rans-muconic
acid and S-phenylmercapturic acid (benzene metabolites),
NNAL and its glucuronides (metabolites of the TSNA
NNK) (Melikian et al. 1993, 1994; Hecht 2002, 2003), and
1-HOP (a pyrene metabolite) (Hecht et al. 2004). Studies
reported that concentrations of urinary 1-HOP glucuro-
nide (Sithisarankul et al. 1997) and total 1-HOP (free and
conjugated) (Van Rooij et al. 1994) correlated well with the
number of cigarettes smoked per day. In one study, there
appeared to be no significant difference in the urinary
concentration of 1-HOP glucuronide in smokers of ciga-
rettes containing blond (flue-cured) tobacco versus smok-
ers of black (air-cured) tobacco (Sithisarankul et al. 1997).
Other studies found that in most smokers, more than 80
percent of the nicotine dose received was accounted for by
urine content of nicotine, nicotine glucuronide, cotinine,
cotinine glucuronide, and #rans-3’-hydroxycotinine (Ben-
owitz et al. 1994; Davis and Curvall 1999). Total cotinine
(free and conjugated) is considered the most reliable uri-
nary marker of nicotine exposure (Murphy et al. 2004).

Examination of the blood of smokers shows elevated
carboxyhemoglobin, thiocyanate, cadmium, acetonitrile,
2,5-dimethylfuran, VOCs (e.g., benzene, toluene, and
styrene), the presence of nicotine and its metabolite co-
tinine, and NNAL (Ashley et al. 1996; Houeto et al. 1997;
IARC 2004). In addition, investigators found a positive
correlation between carboxyhemoglobin and exhaled CO
for several hours after smoking (Hopkins et al. 1984), and

serum cotinine and blood cadmium levels correlated with
the number of cigarettes smoked per day (TeliSman et
al. 1997; Caraballo et al. 1998). The correlation between
acetonitrile concentrations and the number of cigarettes
smoked per day was shown to be weak (Houeto et al. 1997).

Markers of tobacco smoke exposure that were mea-
sured in other biologic tissues include PAH compounds
in lung tissue, B[a]P and TSNAs in cervical mucus (IARC
2004), and TSNAs in pancreatic juice (Prokopczyk et al.
2002). Also, researchers observed that pregnant smokers
had higher placental levels of cadmium than did preg-
nant women who did not smoke (Ronco et al. 2005a,b). In
another study, cadmium was detected in the seminal fluid
of smokers at higher levels than in that of nonsmokers,
and the levels correlated with the number of cigarettes
smoked per day (TeliSman et al. 1997).

Biomarkers of Biologically Effective Dose

For cancer, a common assessment of the biologically
effective dose is measurement of levels of carcinogen-DNA
adducts. Strong data from animal experiments and some
human studies indicate relationships among the levels of
constituents of tobacco smoke, formation of carcinogen-
DNA adducts, and cancer risk (Stratton et al. 2001). Levels
of DNA adducts potentially provide the most direct mea-
sure of tobacco-induced DNA damage, and many studies
reported higher levels in the tissues of smokers than in
those of nonsmokers (Hecht 2003). In one study, most
cancers causally associated with tobacco smoking showed
positive evidence of increased adduct levels (Phillips 2005).
However, human data on adduct formation suggested
that saturation may occur at high levels of exposure (i.e.,
>20 cigarettes per day), causing the dose-response curve
to plateau and reducing the proportional relationship
between exposure and adduct levels (Godschalk et al.
2003). Little is known about the temporal variability of
DNA adducts within a target or surrogate tissue. One
investigator reported that levels of carcinogen-DNA
adducts are indicators of carcinogenic hazards but not of
quantifiable risks (Phillips 2005).

Carcinogen-DNA adducts can be measured in tar-
get or surrogate tissues. For example, they were mea-
sured in human lung tissue, exfoliated bladder cells, oral
mucosa, exfoliated oral cells, and cervical cells—all sites
of tobacco-derived cancers—and in surrogate tissues (e.g.,
carcinogen—peripheral blood lymphocyte DNA adducts)
(Mancini et al. 1999; Romano et al. 1999; Stratton et al.
2001). The assumption that levels of DNA adducts in a
surrogate tissue or cell reflect those in a target tissue has
principally been supported by studies of animals treated
with single carcinogens, but results in human biomoni-
toring studies have been mixed (Phillips 2005).
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Additional biomarkers of biologically effective dose
are (1) protein adducts, in that most carcinogen metabo-
lites that react with DNA also react with proteins, and (2)
oxidized damage to DNA bases. Protein adducts present
at higher levels in smokers than in nonsmokers include
hemoglobin adducts of TSNAs, 3-aminobiphenyl, 4-ami-
nobiphenyl, o-toluidine, p-toluidine, and 2,4-dimethyl-
aniline, as well as adducts from ethylation or methylation
of the N-terminal valine of hemoglobin (Branner et al.
1998; Thier et al. 2001; Hecht 2003). The lung tissues
of smokers have higher levels of acrolein-derived DNA
lesions, one of which was identified as the mutagenic
guanine adduct o-hydroxy-2’-deoxyguanosine. This
lesion blocks DNA replication, potentially leading to G—T
and G—A base substitution mutations (Yang et al. 2002;
Zhang et al. 2007; Zaliznyak et al. 2009). The repair prod-
ucts of oxidative DNA lesions are water soluble and are
generally excreted into urine without further metabo-
lism. Because of extensive and rapid DNA repair, urine
excretion of the oxidative DNA repair lesions reflects the
average rate of oxidative DNA damage in all the cells in
the body (Loft and Poulsen 1998). Levels of 8-hydroxy-2’-
deoxyguanosine (8-OH-dG) (Gackowski et al. 2003) and
8-nitroguanine (Hsieh et al. 2002), both shown to indi-
cate oxidative DNA damage, were found to be higher in
the DNA of leukocytes of smokers than in those of non-
smokers. Tobacco smoking was consistently shown to
increase the urinary excretion rate of 8-OH-dG by 30 to 50
percent, and levels in urine decreased after smoking ces-
sation (Loft and Poulsen 1998). In addition, both healthy
smokers and smokers with cancer had urine levels of
8-hydroxyguanine that were higher than those in healthy
nonsmokers (Gackowski et al. 2003). The oxidatively
modified DNA base, 8-hydroxyguanine, is also a marker
of oxidative stress. There is no epidemiologic evidence
that high levels of oxidative DNA modification in tissue or
high levels of oxidatively modified nucleic acid products
in urine are predictors of cancer development in humans
(Poulsen 2005).

Many mutagens and carcinogens are metabolically
activated in vivo to electrophilic forms capable of inter-
action with cellular macromolecules (van Doorn et al.
1981). One of the mechanisms used by an organism to
combat electrophilic attack is conjugation of the reactive
chemical moiety with reduced glutathione, a nucleophile.
This reaction causes an increase in more polar thioether
conjugates, which are excreted from the body in urine and
bile. Urinary thioether concentrations are used as a non-
specific indicator of exposure to alkylating agents. Ciga-
rette smoking was found to cause a dose-related increase
in the urinary excretion of thioethers. Chemicals present
in cigarette smoke and excreted in urine as thioethers
include benzene, styrene, and vinyl chloride (van Doorn
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et al. 1981; Goldstein and Faletto 1993; Fisher 2000b).
Increased concentrations of alkyladenines and alkylgua-
nines from the reaction of alkylating agents with DNA
were also observed in the urine of smokers (Hecht 2002).
All three types of carcinogen biomarkers (thioethers,
alkyladenines, and alkylguanines) reflect chemical uptake
and the balance between activation and detoxification
(Hecht 2003).

Biomarkers of Biologic Events with the Potential
to Lead to Harm

Stratton and colleagues (2001) have reviewed a large
number of biomarkers of biologic events with the poten-
tial to lead to harm. This review and more recent publica-
tions are summarized here. On an organ or system level,
signs and symptoms of potential biologic events with the
potential to lead to harm include osteoporosis, cough,
hyperplasia, dysplasia, abnormal serum lipid concentra-
tions, alterations in levels of blood coagulants, periodontal
disease, and abnormal results for glucose tolerance tests
(Stratton et al. 2001). On a molecular level, relevant mea-
surements in target tissues of smokers include changes
in RNA or protein expression, somatic mutations or loss
of heterozygosity, alterations in promoter methylation,
and mitochondrial mutations. In surrogate tissues, bio-
markers of biologic events with the potential to lead to
harm among smokers include leukocytosis, HPRT muta-
tions, chromosomal aberrations, and changes in circulat-
ing lymphocytes.

Studies have identified biomarkers of biologic
events with the potential to lead to harm related to cig-
arette smoking that are addressed in this Surgeon Gen-
eral’s report. For example, a significant association and a
dose-response relationship were shown for chromosomal
aberrations induced by B[a]P diol epoxide at locus 3p21.3
in peripheral blood lymphocytes and for risk of squamous
cell carcinoma of the head and neck (Zhu et al. 2002).
Also, study findings suggested the frequency of promoter
methylation in tumor-suppressor genes (P14, P16, P53) as
a biomarker for risk of non-small-cell lung cancer among
current and former smokers and cervical squamous cell
cancer among smokers (Jarmalaite et al. 2003; Lea et al.
2004).

Cigarette smoking is a risk factor for bladder can-
cer. The increased mutagenicity of smokers’ urine was
first shown in 1977 by testing the brand XAD/acetone-
extractable organics from urine in the Sa/monella (Ames
test) mutagenicity assay (Yamasaki and Ames 1977). Stud-
ies using essentially the same methods confirmed this
observation (DeMarini 2004). Peak mutagenic activity of
the urine occurs 4 to 5 hours after the start of smoking
and decreases to pre-smoking levels in approximately 12
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to 18 hours (Kado et al. 1985). Findings suggested that the
mutagens are absorbed rapidly (in 3 to 5 hours).

Urinary mutagenicity generally correlates with the
number of cigarettes smoked, and the level of urinary
mutagenicity was found to be similar regardless of the
tar level of the cigarettes smoked (Tuomisto et al. 1986;
Kuenemann-Migeot et al. 1996). However, the urine from
smokers of black tobacco was reported to be twice as
mutagenic as that from smokers of blond tobacco, which
correlated with the known increased risk for bladder can-
cer among smokers of black versus blond tobacco (Mala-
veille et al. 1989). In addition, smoking-associated urinary
mutagenicity correlated with external measures of expo-
sure (e.g., daily intake of chemicals from tobacco smoke)
and with internal measures of exposure (e.g., urinary
1-pyrenol) (Pavanello et al. 2002).

Aromatic amines, heterocyclic amines, and PAHs
appear to be the chemicals responsible for smoking-
related urinary mutagenicity, as detected in the Salmo-
nella assay (IARC 2004). Studies showed that urinary
mutagenicity correlated with the levels of a 4-aminobiphe-
nyl-DNA adduct in exfoliated urothelial cells from smok-
ers (Talaska et al. 1991). Chemical analyses of urine from
smokers with exceptionally high urinary mutagenicity
revealedthepresence ofthe mutagen 2-amino-7-naphthol, a
metabolite of the bladder carcinogen 2-aminonaphthalene
(B-naphthylamine) (Connor et al. 1983).

Although studies have described several biomark-
ers for risk of cardiovascular disease, no biomarker was
specific to cigarette smoking. These biomarkers include
changes in blood lipid concentrations, urine thromboxane
A2 metabolites, blood F2-isoprostanes, vascular cell adhe-
sion molecule-1, reduced platelet survival, atherosclerosis
or calcium formation, and possibly elevated blood pres-
sure (Stratton et al. 2001; Cavusoglu et al. 2004; Mor-
row 2005).

Symptoms and signs of biologic events with the
potential to lead to harm to the respiratory system
include late-occurring symptoms (cough, chronic phlegm
production, wheeze, and shortness of breath) and decre-
ments in pulmonary function, such as a notable decline
in forced expiratory volume in one second (Carrell 1984;
Ogushi et al. 1991; Stratton et al. 2001). Other biomark-
ers of biologic events with the potential to lead to harm
are declines in alveolar neutrophil and macrophage
counts and declines in neutrophil elastase ol-antipro-
tease complexes.

Some of the general markers described here can
be considered as biomarkers of potential reproductive or
developmental effects from maternal cigarette smoking
during pregnancy. Findings in one study indicated that
increased levels of F2-isoprostane in cord blood may serve
as a biomarker of oxidative stress (Obwegeser et al. 1999).

Another study reported biomarkers in cord blood of off-
spring of women who smoked during pregnancy and in
maternal blood (Iscan et al. 1997). The markers included
reduced levels of high-density lipoprotein cholesterol
(HDLc) and apolipoprotein A-I (APO A-I) and elevated
ratios of total cholesterol to HDLc, low-density lipopro-
tein cholesterol (LDLc) to HDLc, and APO B to APO A-I.
Proteomics allows study of changes to proteins following
environmental exposures. A recent comparison of up- and
downregulated proteins in blood cord sera from the off-
spring of women who smoked during pregnancy with that
of offspring of nonsmokers suggests that infants exposed
in utero undergo changes in protein expression simi-
lar to those of smoke-exposed adults and animal models
(Colquhoun et al. 2009). Among the changes were mark-
ers of inflammation (o2-macroglobulin), altered lipid
metabolism (APO A-I), and a-fetoprotein, which is associ-
ated with fetal growth retardation (Colquhoun et al. 2009).
These findings indicate that serum and cord blood lipid
panels may provide biomarkers of biologic events with the
potential to lead to harm to fetal metabolism of lipids.

Smoking interferes with absorption of vitamins
B6, B12, and C and folic acid (Cogswell et al. 2003).
Study findings indicate that lower plasma concentra-
tions of vitamins (folate and B12) and nitric oxide from
maternal smoking may result in hyperhomocysteinemia
in pregnant women, a known risk factor for pregnancy-
induced hypertension, abruptio placentae, and intrauter-
ine growth restriction (Obwegeser et al. 1999; Ozerol et
al. 2004; Steegers-Theunissen et al. 2004). Women who
smoke during pregnancy have an increased risk of deliver-
ing a low-birth-weight infant (USDHHS 2004). Decreases
in birth weight were dose related to the number of ciga-
rettes smoked (Abel 1980). Researchers reported that low
concentrations of maternal serum folate and vitamin B12
were associated with higher risk of preterm delivery and
low birth weight, and low-birth-weight infants had signifi-
cantly lower concentrations of vitamins A, B2, E, and folate
(Navarro et al. 1984; Fréry et al. 1992; Scholl et al. 1996).
In other studies, placental cadmium levels were strongly
correlated with birth weight in newborns of mothers who
smoked (Ronco et al. 2005a). Cotinine concentrations in
maternal serum and urine were also useful in predicting
birth weight (Stratton et al. 2001).

In summary, several biomarkers provide an accurate
assessment of exposure to toxic chemicals in cigarette
smoke. Still to be determined is how accurately they can
characterize differences in exposure between tobacco-
burning cigarettes and the variety of potentially reduced-
exposure products introduced into the market during the
last few years. Biomarkers of biologically effective doses
for mutagenic and carcinogenic chemicals can provide an
estimate of the interaction between chemicals in smoke
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and target biologic tissues or bodily fluids. Genetic poly-
morphisms of the enzymes involved in the metabolic
activation of the chemicals may influence the net balance
of activation and detoxification in a target biologic tissue
and complicate interpretation of the dose-response rela-
tionship between exposure and binding with macromo-
lecular targets. Despite the large number of biomarkers
of biologic events with the potential to lead to harm, most
are not specific to exposure to cigarette smoke and require
additional testing to establish their specificity, sensitivity,
and reliability when smoking behaviors or product char-
acteristics vary. In addition, not all biomarkers of biologic
events with the potential to lead to harm may be sufficient
for determining population-level effects of the product.

Genotoxicity

Cigarette Smoke Condensate

Condensate from cigarette smoke is mutagenic in
a variety of systems (DeMarini 1983, 2004; IARC 1986,
2004). Most studies have used condensate generated from
the smoke of reference cigarettes such as those available
from the University of Kentucky, Lexington, Kentucky.
Researchers using the bacterial Salmonella mutagen-
icity assay reported that the average mutagenicity of
cigarette smoke condensates prepared from the main-
stream smoke from U.S. commercial cigarettes and K1R4F
reference cigarettes was not significantly different among
cigarettes representing more than 70 percent of the U.S.
market (Steele et al. 1995). These findings suggested that
such reference cigarettes are acceptable standards for
comparative mutagenicity of condensates from cigarettes
purchased typically in the United States. The genotoxicity
of 10 cigarette smoke condensate samples from a diverse
set of cigarettes (including the K2R4F reference cigarette)
and produced under different smoking-machine condi-
tions was studied in four short-term assays: the Salmo-
nella mutagenicity assay in frameshift strains TA98 and
YG1041, the micronucleus and comet assays in L5178YTk
+ 7.3.2C mouse lymphoma cells, and an assay for chromo-
somal aberrations in CHO-K1 cells (DeMarini et al. 2008).
All 10 condensate samples were mutagenic in both strains
of Salmonella and induced micronuclei, and 9 samples
induced DNA damage or chromosome aberrations. While
their mutagenic potencies in Salmonella spanned 7-fold
when expressed as revertants per gram of condensate, they
spanned 158-fold when expressed as revertants per milli-
gram of nicotine. The range of genotoxic potencies of the
condensates in the other assays was similar regardless of
how the data were expressed. The overall conclusion was
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that there was no relation among the genotoxic poten-
cies of the cigarette smoke condensates across the assays
(DeMarini et al. 2008).

Several lines of evidence indicated that the primary
sources of mutagenic activity detected in the Sal/monelila
mutagenicity assay are aromatic amines and heterocyclic
amine protein pyrolysate products (IARC 1986). Most of
this activity resides in the basic or base/neutral fraction
of the condensates, which contains the aromatic and het-
erocyclic amines. At the molecular level, the mutation
spectrum of cigarette smoke condensate in the Sa/monelila
frameshift strain TA98 was identical to that of the hetero-
cyclic amine Glu-P-1 (DeMarini et al. 1995). The finding
suggested that this class of compounds is responsible for
most of the frameshift mutagenic activity of cigarette
smoke condensate detected in TA98. A frameshift muta-
tion is the insertion into or deletion from DNA of a num-
ber of nucleotides that are not three or multiples of three.
In contrast, most of the mutations induced by cigarette
smoke condensate in the base-substitution strain TA100
were shown to be transversions of GC—TA (78 percent),
which resembled most closely the mutation spectrum of
B[a]P, the model PAH (DeMarini et al. 1995). The GC—TA
transversions, a common class of base substitutions found
in lung tumors of smokers, were also induced by cigarette
smoke condensate at the HPRT locus in human B-lym-
phoblastoid MCL-5 cells (Krause et al. 1999).

Study findings indicated that most of the ability of
cigarette smoke condensate to induce sister chromatid
exchange (SCE) in mammalian cells may reside in the
neutral and acidic/neutral fractions, suggesting that this
activity is attributable to PAHs and acidic compounds,
such as catechol, hydroquinone, alkylphenols, and benz-
aldehyde (Jansson et al. 1988).

Nicotine and its metabolites were not mutagenic in
Salmonella and did not induce SCEs in mammalian cells
in culture, and nicotine did not produce mutagenic urine
in rats (Doolittle et al. 1995). Burning tobacco produced
mutagenic chemicals, and cigarette smoke condensate
contained a variety of agents exhibiting a wide range of
toxic effects. Varying the amounts of 300 to 400 ingredi-
ents added to typical commercially blended test cigarettes
did not alter the inherent mutagenicity or cytotoxicity of
the resulting condensates or the toxic effects of inhalation
of the smoke of the resulting cigarettes (Carmines 2002;
Baker et al. 2004). Many of the pyrolysis products from
the cigarette ingredients identified as “biologically active”
were volatile compounds (e.g., benzene, toluene, and sty-
rene) (Baker et al. 2004) and would presumably reside pri-
marily in the gas phase of the cigarette smoke rather than
in the condensate used in most in vitro assays.
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DNA Damage

Many studies have demonstrated that cigarette
smoke and its condensate can produce DNA strand breaks
in rodents, in mammalian cells in culture, or in DNA in
vitro (IARC 2004). Collectively, results of these studies are
consistent with the demonstrated clastogenicity (chro-
mosome-breaking ability) of cigarette smoke and conden-
sate and cigarette smoke in experimental systems and in
humans. Several of these studies (IARC 2004) indicated
that reactive oxygen or nitrogen species may be the pri-
mary cause of the breaks in DNA strands.

Cytogenetic Effects in Rodents

Exposure of rodents to cigarette smoke by inhala-
tion has generally produced an increased frequency of
SCE in the bone marrow (IARC 1986). However, such
exposure produced some negative studies and one positive
study of induction of chromosomal aberrations in lung
cells (DeMarini 2004). Nonetheless, this exposure consis-
tently produced micronuclei in bone marrow, peripheral
blood erythrocytes, and lung cells (IARC 2004).

Transplacental Effects in Rodents

Mice born to dams exposed to cigarette smoke by
inhalation during pregnancy had elevated levels of mi-
cronuclei in the liver and peripheral blood (Balansky and
Blagoeva 1989), and such exposure induced SCEs in the
liver of fetal mice (Karube et al. 1989). Intraperitoneal
injection of pregnant Syrian golden hamsters with the
tobacco carcinogen NNK also induced micronuclei in
fetal liver (Alaoui-Jamali et al. 1989), and intraperitoneal
injection of pregnant mice with NNK induced oxidative
damage, as determined by measurement of concentra-
tions of 8-OH-dG DNA adducts in the fetuses (Sipowicz et
al. 1997).

Studies in Humans

HPRT Mutations

In general, smoking was shown to increase the fre-
quency of HPRT mutants in peripheral blood lymphocytes
by approximately 50 percent. However, the increases did
not reach statistical significance in some studies, probably
because of the large interindividual variability (DeMarini
2004). An increase in transversions, in particular GC—TA,
was noted frequently among smokers (IARC 2004). How-
ever, some analyses found no difference in the mutation
spectrum at HPRT in smokers and nonsmokers (Curry
et al. 1999). GC—TA transversions are the primary class
of base substitution induced by PAHs, and an excess of
this class of mutation in the HPRT mutation spectrum

for smokers is consistent with exposure to PAHs in ciga-
rette smoke.

Genotoxic Effects in Reproductive Tissues
and Fluids and in Children of Smokers

Lymphocytes from pregnant women who smoked
either tobacco cigarettes or marijuana cigarettes had
elevated frequencies of HPRT mutants, as determined by
the autoradiographic HPRT assay, and analyses of cord
blood indicated that lymphocytes from the newborns also
had elevated frequencies of HPRT mutants (IARC 2004;
DeMarini and Preston 2005). No differences in frequencies
of HPRT mutants were observed in T lymphocytes from
newborns of smokers compared with those from newborns
of nonsmokers, as determined by the T-cell cloning assay.
However, the mutation spectra for these two groups of
newborns differed significantly from those for newborns
of smokers who had an increase in “illegitimate” genomic
deletions mediated by V(D)J recombinase. These findings
suggested alteration in the HPRT mutation spectrum and
possible increase in the frequency of HPRT mutant cells in
newborns of mothers who smoked compared with those in
newborns of mothers who did not smoke. Another study
reported that in utero exposure to cigarette smoke also
resulted in increases of translocation frequencies in new-
borns (Pluth et al. 2000). Other evidence indicated that
smoking by the mother may lead to DNA strand breaks in
lymphocytes of newborns (Sardas et al. 1995). Amniocytes
from mothers who smoked may show an increase in chro-
mosomal mutations compared with those from nonsmok-
ers (de la Chica et al. 2005); however, researchers raised
concerns about this study, such as the lack of exposure
assessment, the small sample size, and the fact that the
chromosomal aberrations identified were of the chroma-
tid type, which is a type that could have been formed in
the petri dish during culturing and were not present in
the amniotic fluid initially (DeMarini and Preston 2005).

Reviews indicated that the cervical mucus and
amniotic fluid of smokers were mutagenic and that cervi-
cal epithelial cells from smokers had higher frequencies of
micronuclei compared with those from nonsmokers (IARC
2004). Findings also suggested that smoking may induce
chromosomal mutations and DNA damage in sperm or
ova of smokers. The evidence that smoking induced oxida-
tive damage to sperm DNA was found in elevated concen-
trations of 8-OH-dG in sperm DNA of smokers compared
with that of nonsmokers (Shen et al. 1997). In addition,
seminal fluid from infertile male smokers showed more
oxidative damage than did that from infertile nonsmok-
ers (Saleh et al. 2002). Consistent with these observations
was the finding that sperm from smokers had higher con-
centrations of DNA strand breaks than did sperm from
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nonsmokers (Potts et al. 1999). Concentrations of DNA
adducts in sperm, measured by the 32P-postlabeling assay
were also higher among current smokers than among life-
time nonsmokers (Horak et al. 2003). Collectively, these
data from studies of humans are consistent with the
recent demonstration that exposure to cigarette smoke by
inhalation resulted in germ-cell mutations in male mice
(Yauk et al. 2007).

Cytogenetic Effects

Micronuclei. Many studies have examined the
influence of smoking on the frequency of micronuclei in
peripheral lymphocytes; the results were mixed (Bonassi
et al. 2003). A reanalysis of pooled data from 24 databases
from the Human MicroNucleus international collabora-
tive project showed that smokers did not have an overall
increase in micronuclei frequency in lymphocytes. How-
ever, a significant increase in micronucleus frequency was
found in heavy smokers (i.e., those smoking 30 cigarettes
or more per day) who were not exposed occupationally to
genotoxic agents. Studies also found elevated micronuclei
frequencies in the tracheobronchial epithelium of smok-
ers (Lippman et al. 1990).

Sister chromatid exchange. In contrast to fre-
quency of micronuclei, SCE frequencies in peripheral
lymphocytes are generally higher among smokers than
among nonsmokers. Numerous studies of SCE frequen-
cies in peripheral lymphocytes showed that cigarette
smoking induced SCEs, which can then be a confounding
factor in occupational studies (IARC 2004). The findings
indicated that of all the cytogenetic endpoints, SCE is the
most sensitive to the effect of smoking.

Chromosomal aberrations. Studies of large
populations with use of chromosome banding techniques
to assess chromosomal aberrations have had mixed
results. One study reported that the frequency of chromo-
somal aberration was not increased by smoking (Bender
et al. 1988), and another reported that smoking caused
a 10- to 20-percent increase in the frequency (Mutation
Research  1990). Smaller studies and those using
molecular cytogenetic techniques also had mixed results;
in some, smoking increased the frequency of chromo-
somal aberrations in peripheral lymphocytes, and in oth-
ers, this finding was not observed (DeMarini 2004).

Mechanistic considerations include the observa-
tion that smokers had lower concentrations of folate in
red blood cells than did nonsmokers, which may play a
role in the higher frequency of chromosomal aberrations
detected in smokers (Chen et al. 1989). Other studies
found that exposure of peripheral lymphocytes from smok-
ers to mutagens in vitro resulted in a higher frequency
of chromosomal aberrations than did similar exposure of
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lymphocytes from nonsmokers (IARC 2004). Collectively,
findings of these studies suggested that cells of smokers,
especially males, were less able to repair DNA damage
and that concentrations of DNA repair enzymes, fragile
sites in chromosomes, and telomeric associations could
be affected by recent mutagenic exposures such as smok-
ing (DeMarini 2004). These effects of smoking varied
among individuals, and were influenced by exposures
other than smoking.

A large international study showed that an ele-
vated frequency of chromosomal aberrations in lympho-
cytes predicted cancer risk independently of exposure to
carcinogens, including cigarette smoke (Bonassi et al.
2000). However, many studies demonstrated an associa-
tion between smoking and certain genetic changes that
are specific predictors of various types of tumors. For
example, lymphocytes of smokers had a higher frequency
of fragile sites in chromosomes and metaphases with
extensive breakage, as well as overexpression of fragile
sites at chromosomal breakpoints associated with can-
cer and oncogene sites on chromosomes (Kao-Shan et al.
1987). Smoking was associated with chromosomal insta-
bility in lymphocytes as a biomarker for predisposition to
oral premalignant lesions (Wu et al. 2002). In addition,
smoking was associated with mutagen sensitivity of lym-
phocytes as a predictor of cancer of the upper aerodigestive
tract. An analysis of normal bronchial epithelium using
a molecular cytogenetic technique found a significant
percentage of trisomy 7 in cancer-free tobacco smokers
(Lechner et al. 1997). Another study reported a significant
increase in the loss of heterozygosity involving microsat-
ellite DNA at three specific chromosomal sites containing
putative tumor-suppressor genes in histologically normal
bronchial epithelium from long-term smokers (Mao et al.
1997; Wistuba et al. 1997). The frequency of chromosomal
aberrations was much higher in lung tumors from smok-
ers (48 percent) than in those from nonsmokers (11 per-
cent), suggesting that lung cancer in smokers is a result
of genetic alterations distinct from those in nonsmokers
(Sanchez-Cespedes et al. 2001).

Studies also associated alterations in chromosome
9 in bladder tumors with cigarette smoking, and
cytogenetic changes and smoking were associated with
risk for leukemia and other myelodysplastic syndromes
(IARC 2004).

DNA strand breaks and oxidative damage.
A review by DeMarini (2004) reported that lymphocytes,
buccal cells, and urothelial cells of smokers had higher
frequencies of DNA strand breaks than those in nonsmok-
ers, as measured by the single-cell gel electrophoresis
(comet) assay, which detects broken DNA that separates
from whole nuclear DNA when exposed to an electric
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current. Oxidative damage measured by concentrations of
7-hydroxy-8-0x0-2'-deoxyguanosine (8-0xo-dG) (a marker
of oxidative damage) was elevated in lymphocytes and
leukocytes, urine, and lung tissue of smokers. In vitro
studies, including some in human cells, also found that
cigarette smoke or its components induced DNA or oxi-
dative damage. Collectively, these studies suggested that
smoking induced oxidative DNA damage.

Mutations in tumors associated with
smoking. In a review of studies in 2004, IARC noted
that the 7P53 gene was mutated most frequently in lung
tumors associated with smoking, and the details of this
observation were reviewed extensively (Pfeifer et al. 2002;
Pfeifer and Hainaut 2003; TARC 2004). Mutations in the
TP53 gene were more common in smokers than in non-
smokers, and a direct relationship existed between the fre-
quency of 7P53 mutations and the number of cigarettes
smoked. 7P53 mutations were found in preneoplastic
lesions of the lung, indicating that they were early events
linked temporally to DNA damage from smoking.

Among the mutations of the 7P53 gene in lung
tumors of smokers, 30 percent were GC—TA transver-
sions, whereas only 10 percent of the 7P53 mutations in
lung tumors of nonsmokers or in other tumors were of
this type. The sites at which these mutations occurred in
the TP53 gene corresponded with the sites of DNA adducts
remaining after cells were exposed to diol epoxides of PAHs
and allowed to undergo a period of DNA repair (Smith et
al. 2000). The mutations in the tumors were targeted at
methylated CpG sites on chromosomes, and there was
a bias for most of the mutated guanines of the GC—TA
mutations to be on the nontranscribed DNA strand in lung
tumors from smokers, which is attributable to the pref-
erential repair of DNA adducts on the transcribed strand
(Yoon et al. 2001).

Mutations in the KRAS gene (codons 12, 13, or 61)
were shown to occur in approximately 30 percent of lung
adenocarcinomas of smokers and are primarily GC—TA
transversions, as seen in the 7P53 gene (Gealy et al. 1999).
As with the TP53 gene, the site at which the majority of
a particular type of PAH adducts are formed in the KRAS
gene (the first position of codon 12) corresponded with
the position where a high frequency of GC—TA trans-
versions occur in lung tumors associated with smoking
(Tretyakova et al. 2002). Similar to 7P53 mutations, KRAS
mutations occurred early in carcinogenesis of the lung,
and 66 percent of the mutations in the KRAS gene in
smoking-associated lung tumors were GC—TA transver-
sions (Keohavong et al. 2001).

These observations, along with substantially more
data, suggest that the 7P53 and KRAS mutations in lung
tumors of smokers are due to the direct DNA damage

resulting from the carcinogens in cigarette smoke, espe-
cially PAHs (Pfeifer and Hainaut 2003). Researchers have
suggested that other factors, especially selection, may also
play a role in the observed mutation spectrum in smok-
ing-associated lung tumors (Rodin and Rodin 2005).

Cytotoxicity

Cytotoxicity refers to a specific destructive action
on cells. The cytotoxicity of cigarette smoke has been
shown to manifest as several pathological conditions
including irritation and inflammation, cell prolifera-
tion and hyperplasia, oxidative stress and damage, and
decreased organ function (Andreoli et al. 2003). Studies
demonstrated the presence of cytotoxic agents in the gas
and particulate phases of cigarette smoke, and HCN and
acrolein were identified as specific cytotoxic agents in the
gas phase (Thayer and Kensler 1964; Battista 1976a). In
the particulate phase, nonvolatile and semivolatile frac-
tions, especially semivolatile acidic and neutral fractions,
were found to demonstrate cytotoxic activity (Curvall et
al. 1984, 1985; Matsukura et al. 1991).

Study findings indicate that cytotoxicity may play a
role in several tobacco-related chronic diseases, including
emphysema, carcinogenesis, and atherosclerosis (Bom-
bick et al. 1998; Andreoli et al. 2003). For example, injury
to cells of the respiratory system by cigarette smoke is
thought to be mediated by smoke-induced inflammation
and damage from free radicals (Churg and Cherukupalli
1993). Thus, the usefulness of in vitro cytotoxicity tests
lies in their ability to measure indicators of cellular injury
that may correlate with or predict inflammation (Stratton
et al. 2001).

Many early cytotoxicity studies focused on damage
to ciliated organisms (paramecium), clam gill epithelium,
and animal trachea (Wang 1963; Weiss and Weiss 1964;
Wynder et al. 1965; Dalhamn 1970; Battista 1976a,b; Don-
nelly et al. 1981a,b; Curvall et al. 1984), as well as cells
such as adipocytes, macrophages, and human tumor cell
lines (Thayer and Kensler 1964; Thayer 1976a,b; Drath
et al. 1981; Curvall et al. 1984, 1985). Ciliatoxicity assays
measure the time to incapacitation of ciliated cells or the
time required by ciliated respiratory cells to transport
inert particles when exposed to cigarette smoke. Impaired
ciliary function and mucus transport in an intact respira-
tory system precede metaplasia in bronchial epithelium.
Assays with isolated or cultured cells typically assess inhi-
bition of metabolic activity or cellular growth in the pres-
ence of cigarette smoke or damage to the cell membrane
(Wynder and Hoffmann 1967).
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Subsequent research on the cytotoxicity of cigarette
smoke has frequently used the neutral red incorporation
assay to evaluate smoke from different types of cigarettes
or tobaccos (Bombick et al. 1997a,b, 1998; Foy et al. 2004).
This assay is based on the uptake of neutral red dye into the
lysosomes of viable cells. Injury to the plasma membrane
or lysosomal membrane was shown to decrease uptake
and retention of the dye (Babich and Borenfreund 1987).
One study demonstrated that flue-cured tobacco produced
smoke condensate that was significantly more cytotoxic in
the neutral red incorporation assay than was condensate
from burley tobacco smoke (Bombick et al. 1998). In addi-
tion, no difference was found in the cytotoxicity of smoke
condensate from reference cigarettes representing com-
mercial ultralow-tar (1R5F), low-tar (1R4F), or unfiltered
full-flavored (2R1) cigarettes. In contrast, with this assay,
whole mainstream smoke and the vapor phase of main-
stream smoke from a 2R1 cigarette were more cytotoxic
than those from a 1R4F cigarette, and those from a 1R4F
cigarette were more cytotoxic than those from a 1R5F
cigarette (Bombick et al. 1997a). In addition, sidestream
smoke (whole smoke and vapor phase) was more cytotoxic
than mainstream smoke, as determined in the neutral red
incorporation assay. The same laboratory reported that
neither a low-nitrogen tobacco blend with a cellulose-
acetate filter (11.6 mg tar in mainstream smoke) nor a
traditional U.S. tobacco blend with a charcoal filter (10.4
mg tar in mainstream smoke) reduced the cytotoxicity of
the condensate of full-flavored, low-tar cigarettes in the
neutral red incorporation assay (Bombick et al. 1997b).

In more recent studies, researchers reported that
heating the tobacco at a low temperature instead of burn-
ing it reduced the cytotoxicity of the smoke, as deter-
mined by the neutral red incorporation assay (Tewes et al.
2003). However, the reduction was greater in the particu-
late phase than in the gas phase (Patskan and Reininghaus
2003). Less frequently used in vitro assays for cytotoxicity
include the dye exclusion assay (Hopkin et al. 1981; Hop-
kin and Evans 1984); the lactate dehydrogenase release
assay; the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) uptake assay; and the kenacid blue
binding assay (Putnam et al. 2002).

Smoking-machine conditions are a determinant of
the cytotoxicity of cigarette smoke condensate (Foy et al.
2004; Roemer et al. 2004). Smoke condensates from U.S.
commercial cigarettes ranging from very low or ultra-
low tar to full flavor as ranked by the FTC/ISO method,
and also experimental reference cigarettes ranging from
ultralow tar to low tar to full flavor, demonstrated a higher
level of cytotoxicity when produced under smoking-
machine conditions that generated higher smoke yields.
The increase in cytotoxicity was measured in both the par-
ticulate and the gas phases expressed on a per cigarette
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basis. The increase in cytotoxicity measured in smoke
produced under more intense smoking conditions was
greatest for the particulate phase of the full-flavored com-
mercial cigarettes and least for the ultralight varieties.
This pattern was not as evident for cytotoxicity induced in
the gas phase (Roemer et al. 2004).

The cytotoxicity of machine-generated mainstream
smoke from the 2R1 reference cigarette to cultured mouse
fibroblast L.-929 cells was reduced by increasing the age of
the smoke and the amounts of charcoal in an acetate filter
(versus acetate alone) (Sonnenfeld et al. 1985). Investiga-
tors showed that cytotoxic effects on lung epithelial cells
were attributable to oxidants and aldehydes present in
the volatile phase of the smoke or formed in the cells on
exposure to the smoke (Hoshino et al. 2001). In one study,
selective reduction of compounds in the gas phase by an
activated carbon filter decreased the cytotoxicity of the gas
phase of the smoke from a commercial cigarette to lung
epithelial cells (Pouli et al. 2003). (The compounds were
acetaldehyde, acetone, acetonitrile, acrolein, acrylonitrile,
benzene, 1,3-butadiene, 2-butanone, 2,5-dimethylfuran,
ethylbenzene, furan, isobutyraldehyde, isoprene, meth-
acrolein, methanol, 1,3-pentadiene, propionaldehyde,
propionitrile, toluene, and m-xylene.) However, in other
research, a decrease in intracellular concentrations of
reduced glutathione in a human type II-like cultured
lung cell line (A549) exposed to whole smoke was sig-
nificantly greater than that produced by smoke filtered
through a Cambridge filter pad (Ritter et al. 2004). This
finding suggests that chemicals in the particulate phase
of cigarette smoke produce an immediate depletion of an
important cellular antioxidant. The A549 cell line has
been extensively used to study human lung damage by sin-
gle chemicals and complex chemical mixtures. This cell
line may be more useful for studying substances that are
active in their administered form, rather than for studying
those that require biotransformation to reactive metabo-
lites, because some cytochrome P-450 isoforms are not
expressed in A549 cells (Castell et al. 2005).

Recent mechanistic studies identified apoptosis
and necrosis as important mechanisms of cytotoxicity
of cigarette smoke to cultured mammalian lung cells
(Hoshino et al. 2001; Piperi et al. 2003; Pouli et al. 2003).
In one study, the viability of alveolar type 2 A549 cells was
reduced by smoke extract from a commercial cigarette
in a time- and concentration-dependent manner, as mea-
sured by the reduction of MTT (Hoshino et al. 2001). In
another study, the viability of mouse lung LA-4 cells was
reduced by the gas phase of commercial cigarette smoke
in a concentration-dependent manner, as measured by
lactate dehydrogenase leakage and reduced metabolic
activity (WST-1 assay) (Piperi et al. 2003). In both stud-
ies, apoptosis was seen at low concentrations of smoke
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and necrosis was seen at higher concentrations. One of
the studies found that smoke extract increased intracel-
lular oxidative activity (Hoshino et al. 2001). The other
study observed a dose-dependent reduction in reduced
cellular glutathione levels (Piperi et al. 2003). In addi-
tion, cells exposed to cigarette smoke showed increased
protein modification (nitrotyrosine immunoreactivity)
and activation of mitogen-activated protein kinase path-
ways. Aoshiba and colleagues (2001) reported that toxic
effects on isolated alveolar macrophages from the smoke
of an unfiltered commercial cigarette involved oxidative
stress, an important mediator of cell death through both
necrosis and apoptosis. This effect was associated with
accumulation of BAX protein, mitochondrial dysfunction,
and release of mitochondrial cytochrome ¢, but it was
independent of the TP53 gene, FAS, and caspase activa-
tion. Sublethal concentrations of unfiltered extract from
mainstream smoke from a commercial cigarette pro-
duced evidence of senescence in alveolar epithelial cells—
A549 cells and alveolar type 2 cells isolated from normal
human lungs. The senescence was characterized by dose-
and time-dependent increases in B-galactosidase activity,
changes in cell morphology, accumulation of lipofuscin,
overexpression of the P21CIPVWAFL/SDIL pyqtein, and irre-
versible growth arrest (Tsuji et al. 2004).

Scientists reported that the limitation of past and
current in vitro tests for cytotoxicity is that the results
are based on the response of single cell types or isolated
tissues and do not include the influence of the whole-body
system on the response (Stratton et al. 2001). However,
in vitro cytotoxicity assays are useful in determining
the contribution of different tobacco blends or cigarette
components (e.g., the filter) to the overall cytotoxicity of
the smoke and in identifying causative cytotoxic agents
in smoke and mechanistic pathways. Although in vitro
assays are not able to replace all conventional animal
bioassays, they are increasingly seen as alternatives to
animal testing of drugs and chemicals, in the European
Union, the United States, and elsewhere (Hofer et al. 2004;
Interagency Coordinating Committee on the Validation
of Alternative Methods 2004). Many cellular pathways
are activated similarly in vitro and in vivo (Devlin et al.
2005). In 2005, the Canadian government implemented a
regulation requiring performance of three in vitro tests
of toxicity (mutagenicity, clastogenicity, and cytotoxic-
ity) on emissions for all cigarettes sold in Canada and that
the results be reported to the Minister of Health (Canada
Gazette 2005). Quantitative in vitro dose-response data
could eliminate the need for use of a large number of
experimental animals to achieve appropriate statistical
power in an in vivo study (Parry et al. 2005).

Animal Bioassays

Researchers have tested the carcinogenic ability
of tar in cigarette smoke in laboratory animals for more
than nine decades and in animal inhalation studies of
machine-generated cigarette smoke for more than five
decades (Wynder and Hoffmann 1967). The first successful
induction of cancer in a laboratory animal with a tobacco
product was reported by Wynder and colleagues (1953,
1957) with the application of cigarette tar to mouse skin.
They observed a clear dose-response trend between the
amount of tar applied to the skin of the mice and the per-
centage of animals bearing skin papilloma and carcinoma
in the test group. Skin-painting studies typically used
condensate from cigarette smoke produced under stan-
dard FTC or ISO conditions, allowing comparisons among
studies. More recent studies showed that smoking-ma-
chine conditions influence the measures of in vitro muta-
genicity and cytotoxicity of smoke condensate, expressed
on a per cigarette or per milligram of tar basis (Roemer
et al. 2004; Rickert et al. 2007). However, skin-painting
studies typically focused on product characteristics such
as tobacco filler, paper, and additives rather than on smoke
condensate produced under different smoking-machine
conditions. One study demonstrated that tobacco blend,
filter type, and flavoring materials are determinants of the
composition of mainstream smoke, whereas the amount of
tobacco in the cigarette, the dimensions of the cigarette,
and the filter type influence smoke yield (Borgerding
and Klus 2005). Future skin-painting studies will likely
use condensates produced by different smoking-machine
conditions, because some countries have begun to man-
date cigarette testing with alternative smoking-machine
conditions.

The use of experimental animal studies to predict
cancer risk is more qualitative than quantitative (Stratton
et al. 2001). Most animals used in laboratory studies with
smoke are obligate nose breathers. Furthermore, Wynder
and Hoffman (1967) reported that the respiratory systems
of laboratory animals differ qualitatively and quantita-
tively from those of humans in surface area, in the develop-
ment of mucous membranes, and in having an enhanced
glandular system that increases the fluid in the nasal
passages. Despite these limitations, animal studies provide
information that is not available from in vitro systems
because animal studies permit the use of an intact host
system with a full complement of endocrine, hormone,
and immune effects and hepatic and extrahepatic metabo-
lism (Eaton and Klaassen 2001). Animal studies are often
used to confirm positive findings or to resolve conflict-
ing results from in vitro assays and to study organ-specific
effects. Animal studies provide valuable data in terms of
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biologic plausibility, mechanisms of action, and causality.
Animal studies of chronic diseases such as cancer can be
less expensive than human clinical studies, and they also
allow the use of invasive procedures (Devlin et al. 2005).

The smoke and smoke condensate animal bioassay
literature is extensive and was reviewed by IARC in 2004. A
synopsis follows of similar literature with a focus on stud-
ies made available since the publication of that review.

Dermal Application of Cigarette
Smoke Condensate

Studies have used mouse skin as the test tissue in
experiments carried out during the past 35 years, and the
results from various laboratories have been similar with
respect to the overall degree of carcinogenic activity of
cigarette smoke condensate and the major differences in
activity from cigarettes with different designs. Cigarette
smoke condensate produces both benign and malignant
tumors on mouse skin. The induced tumors are usually
of epidermal origin. The carcinogenic potency of the ciga-
rette smoke condensate depends on the tobacco variety,
the composition of the cigarette paper, and the presence
of additives. Subtle differences in smoking techniques,
storage conditions for cigarette smoke condensate, and
procedures for animal exposure do not appear to critically
affect the results (IARC 2004). Researchers also conducted
a limited number of skin-painting studies in other animal
species including Syrian golden hamsters (Bernfeld and
Homburger 1983) and rabbits (Graham et al. 1957).

In early skin-painting experiments with mice,
researchers examined the tumorigenic activity of smoke
condensates from reference cigarettes, from cigarettes
made with different reconstituted tobacco sheets, or from
mixtures of smoke condensates from reference cigarettes
and reconstituted tobacco sheets made with 8-percent
sodium nitrate as a tobacco additive (Dontenwill et al.
1972). Three preparations were tested: smoke condensate,
dry smoke condensate without volatile smoke components,
and condensate from vapor phase smoke. The smoke and
the dry smoke condensates were equivalent in their ability
to induce tumors, but the condensate from vapor phase
smoke was nearly ineffective. The manufacturing process
used to prepare the reconstituted tobacco sheet was a
factor in the tumorigenic activity of the smoke conden-
sate. Sodium nitrate reduced the tumorigenic activity of
smoke condensate when added to the tobacco, to the ref-
erence cigarettes, or to the reconstituted tobacco sheet.

Subsequent studies continued to evaluate refer-
ence and experimental cigarettes constructed of tobacco-
derived materials in dermal tumor promotion studies with
female SENCAR mice (Meckley et al. 2004a,b). Cigarette
smoke condensate from 1R4F reference cigarettes, which
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was applied to the skin of mice three times per week for
29 weeks, produced significant, dose-dependent increases
in both the number of tumor-bearing animals and in the
total number of tumors in mice treated first (initiated)
with the carcinogen 7,12-dimethylbenz[a]anthracene
(DMBA). The tumors were papillomas and squamous cell
carcinomas; papillomas were still progressing toward car-
cinomas at the end of the study. Animals in the high-dose
group demonstrated treatment-related damage to the
treated dorsal skin. The damage was described as peeling
skin, erythema, and sores. The effects on the dorsal skin
occurred at a lower incidence in the middle-dose group.
Dose-dependent histologic changes in nonneoplastic skin
at the treatment site were characterized by increased epi-
dermal thickness (acanthosis) and hyperkeratosis. Sig-
nificant increases were reported in the ratios of organ
to body weight for the kidneys, liver, and spleen and in
organ weight and ratios of organ weight to brain weight
for the liver and spleen in the mid- and high-dose groups
compared with those for the control group, which was
initiated with DMBA but not promoted with condensate.
Histologic examinations revealed an increase in extramed-
ullary hematopoiesis of the spleen in the high-dose group.

To increase the filling power of tobacco, manu-
facturers developed processes to impregnate shredded
tobacco with volatile materials and then rapidly remove
them to expand the cellular structure of the leaf, thereby
reducing the density of the tobacco filler. The expanded
tobacco was shown to have a high burn rate and irritat-
ing smoke (Browne 1990). The reduced cigarette weight,
increased filling power, and increased burn rate reduced
the number of puffs, which, in turn, reduced delivery of
tar and nicotine (Abdallah 2003a). Expanded tobacco is
included in commercial cigarettes, and the amount of
expanded tobacco as a percentage of the tobacco mass
increases from approximately 15 percent in full-flavored
cigarettes to 50 percent in ultralight brands (Theophilus
et al. 2004). Other scientists reported that concentrations
of most chemicals measured in the smoke of cigarettes
with puffed, expanded, or freeze-dried tobacco were signif-
icantly reduced compared with those in control cigarettes
(Hoffmann et al. 2001).

In a study by Theophilus and colleagues (2003b),
condensates from the smoke of cigarettes constructed with
100-percent tobacco expanded with dry ice or Freon-11
(trichlorofluoromethane) produced similar numbers
of tumor-bearing animals and total tumors in DMBA-
initiated mice. Animals in the group treated with a low
dose of condensate from smoke of tobacco expanded with
Freon had a significantly longer median time to onset of
tumors and significantly more total tumors than animals
in the group treated with a low dose of condensate from
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smoke of tobacco expanded with dry ice. No biologically
significant nonneoplastic changes were observed in inter-
nal organs or treated dorsal skin. Smoke from the tobacco
expanded with dry ice contained significantly higher
concentrations of CO,, acetone, formaldehyde, catechol,
nitric oxide, and NATB than did smoke from the Freon-
expanded tobacco.

In other research, Theophilus and colleagues
(2003a) studied smoke from cigarettes constructed with
100-percent propane-expanded tobacco. They found that
the smoke had significantly higher concentrations of
total particulate matter, nicotine, tar, CO, CO,, ammonia,
catechol, hydroquinone, phenol, p- and m-cresol, nitric
oxide, NATB, and NNK than did the smoke from Freon-
expanded tobacco. No biologically significant nonneoplas-
tic differences in internal organs or treated dorsal skin
were observed among animals treated with condensate
from cigarettes containing propane-expanded tobacco
compared with animals treated with condensate from
cigarettes containing Freon-expanded tobacco. Smoke
condensates from cigarettes made with Freon- or propane-
expanded tobacco produced similar numbers of tumor-
bearing animals and total tumors in DMBA-initiated mice.

In another study, Theophilus and colleagues (2004)
treated mice with smoke condensate from cigarettes
constructed with increasing percentages of expanded
shredded tobacco stems. In general, there was a pattern
of increasing numbers of tumor-bearing animals and
total tumors with increasing doses of tar among groups
of mice treated with low, medium, or high concentra-
tions of expanded shredded tobacco stems. This pattern
was not present across these groups at a given tar level.
The control group treated with condensate from ciga-
rettes without expanded shredded tobacco stems showed
a dose-dependent increase in the percentage of animals
with tumors and in the total number of tumors compared
with DMBA-initiated animals in the solvent (vehicle) con-
trol group not treated with smoke condensate. Cigarettes
containing expanded shredded tobacco stems produced
lower concentrations of some chemicals in mainstream
smoke than did cigarettes that did not contain expanded
shredded tobacco stems, but the concentrations were not
consistently reduced in a dose-dependent manner.

In vivo and in vitro analyses support the hypothesis
that short-term measures such as cytotoxicity, cellular
proliferation (hyperplasia), generation of free radicals, and
inflammation are involved in tumor promotion produced
by cigarette smoke condensate (Curtin et al. 2004a). Other
studies found that in addition to promoting tumors, ciga-
rette smoke condensate and its fractions can act as tumor
initiators, tumor accelerators, and cocarcinogens when
applied together with other chemicals such as B[a]P and

complete carcinogens (Wynder and Hoffmann 1961; Hoff-
mann and Wynder 1971; Hecht 2005).

The results from studies of dermal application of
cigarette smoke condensate suggest a tissue-specific
response to the chemicals in cigarette smoke that undergo
covalent binding to DNA. Investigators have detected
adducts in the skin, lung, heart, kidney, liver, and spleen
of female ICR mice treated topically with cigarette smoke
condensate from a commercial U.S.-blended unfiltered
cigarette (Randerath et al. 1986, 1988; Reddy and Rander-
ath 1990). In one study, dermal application of condensate
from the smoke of 1R4F reference cigarettes three times
per week for one or four weeks induced DNA adducts in the
skin and lung tissue of male CD-1 mice (Lee et al. 1992).
The relative adduct labeling values in skin were highest
after one week of exposure and did not increase after four
weeks. DNA adduct levels in the lung increased between
one week and four weeks of treatment with condensate.
Skin adducts declined to less than one-half the values of
the first week by four weeks after cessation of exposure to
condensate. In contrast, adduct levels in the lung contin-
ued to increase during the four weeks after cessation of
exposure. Adduct levels increased with the total amount
of tar applied weekly. The dose-response relationship was
especially evident in lung tissue. In another study, treat-
ments three times per week with similar concentrations
of condensate from 1R4F cigarettes for 29 weeks resulted
in an increase in DNA adducts in skin and dose- and time-
dependent increases in DNA adducts in lung and heart tis-
sues of female SENCAR mice (Brown et al. 1998).

Inhalation Studies with Cigarette Smoke

Historically, animals have not proven to be good
models for the type of lung tumors induced by cigarette
smoke in humans. Inhalation exposure to cigarette smoke
leads to a reduction in the respiratory rate, and nontrans-
genic animals and animal strains with a low background
incidence of lung tumors often do not develop an excess
of lung tumors of any type. Researchers have attempted
to induce lung cancer by exposure to cigarette smoke in
several animal species, including rabbits, monkeys, dogs,
and hamsters and other rodents. Hamsters developed
laryngeal tumors but not tumors in the lower respiratory
tract, and dogs developed epidermoid and bronchioloal-
veolar carcinomas (Coggins 2002; IARC 2004; Witschi
2005). Rodents tended to develop adenomas arising in the
periphery of the lung rather than bronchial tumors arising
centrally (Stratton et al. 2001). A study by Hutt and associ-
ates (2005) was the first to describe successful induction
of lung tumors in mice after a lifetime whole-body expo-
sure to mainstream cigarette smoke. Many animal studies
used exposure chambers that permit whole-body exposure
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to cigarette smoke. Modern nose-only exposure tubes
that allow body heat to dissipate are regarded by some as
superior to whole-body exposure chambers because they
eliminate dosing by nonrespiratory routes and allow the
test concentration delivered to the animal to be closer to
the concentration delivered to the system, by avoiding loss
of the test compound on the walls, loss on the skin and
fur of the animals, sedimentation and impaction of aero-
sol particles in the chamber, and chemical reactivity in

the chamber (Pauluhn 2005). Table 3.1 contains data on
lung tumor incidence from studies of carcinogenicity in
rodents that used inhalation exposure to cigarette smoke.

Mouse. Witschi and colleagues (1997a) dem-
onstrated that mouse lung tumors developed in the
peripheral lung as areas of hyperplasia that progress to
adenocarcinomas. In subsequent research, Witschi and
colleagues (2002) studied male Balb/c and SWR mice
exposed to a mixture of 89-percent sidestream smoke and

Table 3.1 Selected chronic carcinogenicity studies in mice and rats with inhalation exposure to cigarette smoke
Exposure duration/ Lung tumor incidence
Study Strain Gender  Concentration administration route (%)
Mouse
Witschi et al. Balb/c Male Average TSP concentration of 122 6 hours/day, Balb/c: 9/27 (33)
2002 and SWR mg/m3 from 1RAF reference cigarette 5 days/week for Controls: 6/30 (20)
sidestream/mainstream smoke 5 months/whole body
mixture SWR: 6/31 (19)
Controls: 1/26 (4)
Witschietal.  A/J Male Average TSP concentrations of 6 hours/day, High: 18/22 (82)2
2004 176 mg/m3 (high dose), 5 days/week for
120 mg/m3 (medium dose), 5 months/whole body ~ Medium: 23/25 (92)2
99 mg/m?3 (low dose) from 2R4F
reference cigarette sidestream/ Low: 18/25 (72)2
mainstream smoke mixture
Controls: 10/25 (40)
Hutt et al. B6C3F, Female  Average daily TPM concentration of 6 hours/day, 148/330 (44.8)*
2005 254 + 27 mg/m3 from a 2R1 reference 5 days/week for Controls: 31/326 (9.5)
cigarette 30 months/whole body
Rat
Dalbey et al. F-344 Female  10% smoke concentration from 8 hours/day, 7/80 (9)&b
1980 unfiltered experimental cigarettes 5 days/week for 126 to  Controls: 1/93 (1)
(NCI code 16) 128 weeks/nose only
Mauderly et F-344 Female, Low dose (100 mg/m3 [6%]) and 6 hours/day, Female
al. 2004 male high dose (250 mg/m3 [14%]) from 5 days/week for up to Low: 4/175 (2.3)
a 1R3 reference cigarette 30 months/whole body ~ High: 4/81 (4.9)2

Controls: 0/119 (0)

Male
Low: 1/178 (0.6)
High: 5/82 (6.1)
Controls: 3/118 (2.5)

Note: mg/m3 = milligrams per cubic meter; NCI = National Cancer Institute; TPM = total particulate matter; TSP = total suspended

particulate.

aSignificantly different (p <0.05) from controls.
bRespiratory tumors consisted of 8 in the lung (5 adenomas, 2 alveologenic carcinomas, 1 squamous carcinoma) and 2 nasal tumors
(adenocarcinoma and squamous-cell carcinoma).

*p <0.001.
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11-percent mainstream smoke from 1R4F reference ciga-
rettes (Witschi et al. 2002). As reported in the previous
studies (Witschi et al. 1997a,b), the investigators included
a four-month recovery period to increase the development
of lung tumors. In both strains, they observed increases
in lung tumor multiplicities (average number of tumors
per lung) (0.44 + 0.13 and 0.35 = 0.14, respectively) and
lung tumor incidences (number of tumor-bearing mice
per total number of treated mice) (33% in treated Balb/c
mice versus 20% in controls and 19% of treated SWR mice
versus 4% in controls, respectively) (Table 3.1) after expo-
sure to cigarette smoke. Only the lung tumor multiplicity
in treated SWR mice was statistically different from that
in SWR controls exposed to air only. These investigators
found that strain A/J mice were more susceptible to car-
cinogen-induced lung tumors than were Balb/c or SWR
mice (Witschi et al. 2002). The same exposure regimen
showed that in male strain A/J mice, the lung tumor mul-
tiplicity was significantly higher among the exposed mice
than among the air-only controls, and there was a good
correlation between exposure (average concentration of
cigarette smoke multiplied by exposure duration) and
lung tumor multiplicity (Witschi et al. 2002). Prolifera-
tive pulmonary lesions were categorized as focal alveolar
epithelial hyperplasia, alveolobronchiolar adenomas, and
alveolobronchiolar adenocarcinomas. Although it was
possible to achieve a dose-related increase in lung tumor
multiplicity in A/J mice with this exposure protocol, mice
exposed to cigarette smoke had fewer adenomas with car-
cinomatous foci or adenocarcinomas (malignant tumors)
than did air-only controls (Witschi et al. 2002).

In a later study, Witschi and colleagues (2004) used
a similar exposure regimen with five months of whole-
body exposure to smoke from 2R4F reference cigarettes
(89-percent sidestream and 1l-percent mainstream
smoke), followed by a four-month recovery period. This
regimen produced a significant increase in lung tumor
multiplicity and tumor incidence compared with the
air-only controls although the response to the high dose
was slightly less than to the medium dose (Table 3.1) in
male strain A/J mice. The authors attribute the flat dose-
response curve to the weak lung carcinogenicity of
cigarette smoke in mice. The tumors were described as
bronchioloalveolar adenomas.

Curtin and associates (2004b) studied effects of
subchronic exposure to mainstream smoke from 1R4F
reference cigarettes in male RasH2 transgenic mice, which
carry the human C-HA-RAS oncogene, and A/J mice.
Mice had whole-body exposure for 20 weeks or nose-only
exposure for 28 weeks. Results indicated that whole-body
exposure may be more effective than nose-only exposure
for inducing statistically significant changes in tumor

multiplicity and tumor incidence. One concentration of
cigarette smoke was used in the whole-body experiments,
and three concentrations were used in the nose-only
experiments. Both exposure regimens included a 16-week
recovery period. With whole-body exposure, microscopi-
cally confirmed tumor incidence and tumor multiplicity
were significantly greater in the exposed animals than in
the sham-exposed animals in both mouse strains.

Hutt and colleagues (2005) developed a model
that achieved a 10-fold increase in hyperplastic lesions,
a 4.6-fold increase in adenomas and papilloma, a 7.25-
fold increase in adenocarcinomas, and a 5-fold increase
in metastatic pulmonary adenocarcinomas in mice with
lifetime whole-body exposure to cigarette smoke com-
pared with lesions in air-only sham controls. The B6C3F,;
strain of mice used in this study have low background
incidence of lung tumors compared with that for A/J mice
used in other studies. The female mice were exposed to
mainstream smoke from an unfiltered 2R1 reference ciga-
rette for 30 months. An increase in lung hyperplasia and
neoplasia was first seen in mice exposed to TPM that died
spontaneously between 540 and 720 days after the initial
exposure. At the end of the study, the survival of mice
exposed to smoke was significantly longer than that of the
sham-exposed controls possibly because of reduced food
consumption leading to lower body weight and a lower
incidence and delayed onset of other types of cancers.
Animals exposed to TPM also had a statistically significant
increase in incidence of benign and malignant prolifera-
tive lesions in the nasal cavity. In contrast to other studies
using a mouse model, this study achieved a significantly
greater incidence of adenocarcinomas in treated animals
(67 of 330, 20.3 percent) than in sham-exposed controls (9
of 326, 2.8 percent).

Rat. Female Fischer-344 (F-344) rats received daily
nose-only exposure to the smoke of experimental ciga-
rettes for 126 to 128 weeks (7 cigarettes per 8-hour day,
5 days per week) (Dalbey et al. 1980). The mean delivery
of smoke particulate from 85-mm unfiltered cigarettes
(National Cancer Institute, code 16) was 18.4 mg per ciga-
rette. The exposure chamber consisted of holding tubes
attached to the side of a 350-mL chamber containing a
mixture of cigarette smoke and room air. The two control
groups consisted of unexposed and sham-exposed con-
trols. Survival in the smoke-exposed rats was similar to
that of the two control groups combined. Animals in the
group exposed to smoke had significantly more tumors
of the respiratory tract than did the combined control
groups (Table 3.1). Compared with controls, rats exposed
to cigarette smoke had significantly fewer tumors in the
hypophysis, hematopoietic and lymphoid system, uterus,
and ovary. The number of adrenal tumors and oral tumors
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in treated animals increased, but the changes did not
reach statistical significance. Animals exposed to smoke
also had a significant increase in dermal tumors (subcuta-
neous sarcomas) near ulcers on the front feet from push-
ing against the holding tubes during exposure compared
with animals in the control groups.

In the same study of lifetime exposure, researchers
observed nonneoplastic tumors throughout the respira-
tory tract of animals exposed to smoke (Dalbey et al. 1980).
These lesions included hyperplastic and metaplastic areas
in the epithelium of the upper airways (nasal turbinates,
larynx, and trachea) and areas of the lung with focal alveo-
litis (accumulations of pigmented macrophages, alveo-
lar epithelial hyperplasia, and alveolar fibrosis).Lesions
in control animals were much smaller and less severe.
Researchers observed fibrosis and thickening of arterioles
in the papillary muscle of the heart. No other organ sys-
tems showed evidence of smoke-related pathology.

One study also used chronic whole-body exposure
in an attempt to achieve higher lung doses of cigarette
smoke in F-344 rats (Mauderly et al. 2004). Low (100
mg TPM/cubic meter [m3]) and high (250 mg TPM/m?3)
concentrations of mainstream cigarette smoke were used
for exposures up to 30 months. Cigarette smoke was pro-
duced from unfiltered 1R3 reference cigarettes machine
puffed twice per minute using a 70-mL, two-second puff
and then diluted with air cleaned by a high-efficiency
particulate air filter. Exposure to cigarette smoke sig-
nificantly increased the incidences of nonneoplastic and
neoplastic, proliferative lung lesions in female rats. Trends
with exposure for all neoplastic lung lesions were highly
significant for female rats. No trend with exposure was
significant for males. Time to first observation of hyper-
plastic lesions was shortened by exposure among female
but not male rats. Both benign and malignant neoplasms
were observed earlier in high-exposure female rats than
in low-exposure female rats. Hyperplastic responses con-
sisted primarily of focal alveolar epithelial hyperplasia.
Benign neoplasms were bronchioloalveolar adenomas,
and malignant neoplasms were bronchioloalveolar carci-
nomas. Mean absolute weights of lungs in male and female
rats exposed to high concentrations of smoke were signifi-
cantly greater than those in animals in the control groups.
Nonproliferative changes more common in animals in
high-exposure groups than in low-exposure groups were
ciliated cuboidal cell metaplasia and squamous metaplasia
in alveolar ducts. There was no consistent difference by
sex in development of proliferative nasal lesions, and the
incidence of nasal cavity neoplasms increased significantly
in both male and female rats exposed to high concentra-
tions of smoke. Most of the nasal cavity tumors were epi-
thelial in origin, and the benign epithelial tumors were
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adenomas. Histologic changes in the nasal cavity, such
as squamous metaplasia of transitional and respiratory
epithelium, mucous cell metaplasia and hyperplasia, and
inflammatory infiltrates, were more common or more
severe in the rats exposed to high concentrations of smoke.

Carcinogenicity bioassays should be conducted for
a major portion of the test animal’s lifetime. Short-term
(subchronic) exposure studies are primarily performed to
provide information on target organs of repeated exposure.
Short-term, nose-only exposures to mainstream smoke
produced treatment-related histopathologic changes in
the respiratory tract and in clinical chemistry parameters
in male and female Sprague-Dawley rats (Coggins et al.
1989; Ayres et al. 2001; Terpstra et al. 2003). Animals
exposed to cigarette smoke had significantly more chronic
active inflammation, epithelial hyperplasia, atrophy of the
olfactory epithelium, and squamous metaplasia of the na-
sal passages and larynx. Other histopathologic changes
included increased counts of intra-alveolar brown-gold
macrophages and bronchial goblet cells. There was a
dose-dependent trend toward increased severity of the
effects with increased exposure. Some of the effects such
as laryngeal squamous metaplasia were not completely
reversed during a recovery period.

A U.S.-tobacco-blend cigarette containing the addi-
tive 1-menthol and other conventional processing aids and
flavoring ingredients was compared with a reference ciga-
rette comprised of a similar tobacco blend in a 13-week
inhalation study of toxicity in male and female F-344 rats
(Gaworski et al. 1997). Only one concentration of 1-men-
thol (5,000 ppm) was used. Three dose levels of cigarette
smoke were tested for each cigarette. Both cigarette vari-
eties produced similar dose-related histologic changes in
the respiratory tract and increases in ratios of lung weight
to body weight. The researchers noted that although
lesions in the trachea and larynx related to cigarette smoke
were similar in incidence, the degree of the response
was slightly more severe in some groups of female rats
exposed tomentholated cigarette smoke thanitwasin those
exposed to nonmentholated cigarette smoke.

Theophilus and colleagues (2003a,b, 2004) per-
formed several 13-week nose-only inhalation studies
with Sprague-Dawley rats to evaluate the toxic effects
of expanded materials derived from tobacco (Theophi-
lus 2003a,b, 2004). The exposure regimen consisted of
one hour of exposure per day, five days per week, for 13
weeks, followed by a 13-week recovery period. Male and
female rats were exposed to mainstream smoke from ciga-
rettes constructed of 100-percent tobacco expanded with
dry ice or Freon-11 (Theophilus et al. 2003b) or tobacco
expanded with propane or Freon-11 (Theophilus et al.
2003a). Animals exposed to cigarette smoke demonstrated



How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease

chronic active inflammation and epithelial hyperplasia of
nasal tissues and ventral squamous metaplasia of the lar-
ynx that appeared to increase in severity with increasing
doses. Treated animals also had significantly more non-
pigmented macrophages and brown-gold macrophages
and evidence of chronic active inflammation of the larynx
than did air-only controls. Most of the histologic changes
resolved after a 13-week recovery period (Theophilus et
al. 2003a,b). A separate study was conducted to evalu-
ate the toxic effects of different percentages of expanded
shredded tobacco stems (Theophilus et al. 2004). Overall,
exposure to mainstream smoke from cigarettes con-
structed of 9.25-percent, 18.5-percent, or 25-percent
expanded shredded stems failed to produce signs of
increased or decreased toxicity relative to the control
cigarettes that did not contain expanded shredded stems.
At the highest dose, animals in all the groups exposed to
expanded shredded stems had significant increases in the
severity of nonpigmented macrophages in left and apical
regions of the lung compared with those in unexposed
animals. Treatment groups with the medium (18.5 per-
cent) and high (25 percent) content of expanded shred-
ded stems also had a significant increase in the severity
of nonpigmented macrophages and goblet cells in the
right diaphragmatic region of the lung at the highest dose
compared with animals treated with smoke from control
cigarettes containing zero-percent expanded shredded
stems. Theophilus and colleagues did not describe the
composition or tobacco blend in the control cigarettes
or in the cigarettes made with expanded shredded stems.
They stated that the tobacco blend and cigarette configu-
ration were comparable between test and control ciga-
rettes and that the main difference was the percentage of
expanded shredded stems in the test cigarettes.

Cardiovascular and Cerebrovascular
Studies in Animals

Some animal models show promise for studying
the development of cardiovascular disease induced by
cigarette smoke. For example, researchers have proposed
an elastase-perfusion mouse model for aortic aneurysms
induced by cigarette smoke (Buckley et al. 2004). Another
example is the cockerel as a model for arteriosclerosis
(Penn et al. 1983, 1992, 1996; Penn and Snyder 1988).
Cockerels are sensitive to the plaque-promoting effects of
chemicals administered by inhalation or injection. Inha-
lation of mainstream cigarette smoke or the vapor phase
smoke component, 1,3-butadiene, was shown to promote
plaque development in cockerels, but CO or an injection
of NNK or solubilized concentrated cigarette smoke con-
densate from an unventilated 2R1 reference cigarette did
not promote plaque development in cockerels. At high

doses, intramuscular injections of PAH compounds with
different carcinogenic potencies also led to arterioscle-
rotic plaque formation. Sidestream smoke was more effec-
tive than mainstream smoke in stimulating aortic plaque
development in the cockerel model.

Investigators reported that tissue injury induced
by oxidative stress, altered serum lipids, increased blood
pressure, and endothelial damage were other possible
factors in cardiovascular injury from cigarette smoking
(Stratton et al. 2001). In another study, inhalation expo-
sure to cigarette smoke produced evidence of oxidative
stress in the hearts of Balb/c mice (Koul et al. 2003). After
10 weeks of whole-body exposure for 60 minutes per day
to the smoke from five commercial filter-tipped cigarettes,
mice had significantly lower concentrations of glutathione
and higher concentrations of lipid peroxides, glutathione
peroxidase, glutathione reductase, and catalase than did
unexposed mice. Serum triglycerides, total cholesterol,
LDLc, and the ratio of total cholesterol to HDLc were also
significantly higher, and HDL and the ratio of HDLc to
LDLc were significantly lower in the group exposed to
smoke. Concomitant administration of o-tocopherol pre-
vented some of the smoke-induced changes.

In one study, whole-body exposure to smoke from
a 2R1 reference cigarette three times per day for 30 days
resulted in a significant increase in the formation of
8-0x0-dG, a marker of oxidative damage, in the heart
tissue of male Sprague-Dawley rats, compared with the
concentration in unexposed controls (Park et al. 1998).
Cigarettes were smoked for 15 to 20 minutes to a fixed
butt length in a 500-mL flask with air pumped into the
flask. The reduced glutathione content and the oxidative
state of glutathione in heart tissue were not significantly
different from those in controls. In another study, whole-
body exposure to low concentrations of cigarette smoke
resulted in impaired oxidative function in cardiac mito-
chondrial cells; increased intracellular, low-molecular-
weight iron that can play a role in redox reactions; and
reduced o-tocopherol during cardiac ischemia and reper-
fusion in female Sprague-Dawley rats (van Jaarsveld et al.
1992). These findings suggested a mechanism involving
oxidant radicals. Twice a day for two months, smoke was
introduced by inserting a lit cigarette into a hole in the
exposure chamber and allowing smoke to be drawn into
the chamber for 5 seconds, followed by room air for 55
seconds. This procedure was repeated until the cigarette
extinguished (approximately 10 minutes). Carboxyhemo-
globin concentrations in rats exposed to smoke or air were
not statistically different.

Scientists reported that hepatic uptake of chylo-
microns was significantly lower in Sprague-Dawley rats
with whole-body exposure to the smoke of two unfiltered,
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king-size, GPC-brand cigarettes (35 to 40 mL per puff,
20 puffs per cigarette) than was uptake in sham-exposed
controls (Pan et al. 1993). Animals were exposed to the
smoke for 10 minutes, four times per day, for 10 days.
In addition, more chylomicrons remained in the hearts
of rats exposed to smoke than in the hearts of controls.
Hepatic uptake and residence time in heart tissues also
changed when chylomicrons were administered to unex-
posed animals that had been previously exposed to smoke.
Smoke exposure increased the thiobarbituric acid reactive
substance measurement in chylomicrons, a measure of
lipid peroxidation. In a subsequent series of experiments,
whole-body exposure to the smoke of two 2R1 reference
cigarettes (35 to 40 mL per puff, 20 puffs per cigarette)
for 10 minutes, six times per day, for 10 days, significantly
increased postprandial serum triglyceride and chylomi-
cron concentrations, decreased hepatic uptake of chy-
lomicron remnants, and increased plasma postheparin
lipoprotein lipase activity. Hepatic lipase activity was simi-
lar in rats exposed to smoke and controls (Pan et al. 1997).
In another study, subchronic (14 or 90 days) but not acute
(1 day) whole-body inhalation exposure to cigarette smoke
resulted in significantly increased cholesterol, triglycer-
ide, and phospholipid levels in the serum, hearts, aor-
tas, and lungs of male Sprague-Dawley rats (Latha et al.
1988). Changes in serum lipoproteins included decreases
in HDLc, triglycerides, and phospholipids and increases
in LDL and very-low-density lipoprotein cholesterol, tri-
glycerides, and phospholipids. Other alterations in lipid
metabolism included increased hydroxymethylglutaryl-
CoA reductase activity, decreased lipoprotein lipase
activity in heart tissue, and increased lipoprotein lipase in
adipose tissue.

Research in male hypercholesterolemic ApoE
*/*- mice suggested that five weeks of exposure to
1R4F cigarette smoke led to an increase in oxidized LDL
immunoglobulin M (IgM) and antiphosphorylcholine
IgM antibodies and a decrease in oxidized LDL IgG and
lymphotoxin-f messenger ribonucleic acid (mRNA)
expression in the spleen (Tani et al. 2004). Both IgM
changes were associated with an increase in thickness
of arterial intima. Animals were acclimated to cigarette
smoke produced by a vacuum pump until smoke from one
cigarette per day was tolerated. Mice exposed to cigarette
smoke had significantly higher serum carboxyhemoglobin
concentrations than those of air-only controls.

Researchers examined the aortic endothelium from
male Sprague-Dawley rats by scanning and transmis-
sion electron microscopy after inhalation exposure to the
smoke of two medium-tar cigarettes (19 mg of tar and
1.5 mg of nicotine) (Pittilo et al. 1982, 1990). Smoking-
machine conditions were not provided in the descrip-
tion of study methods. Animals were anesthetized before
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exposure. The exposure was repeated 5 days per week dur-
ing a 25-day period. Compared with sham-exposed con-
trols, the rats exposed to smoke demonstrated marked
morphologic evidence of endothelial damage that
included increased blebs, microvillus-like projections,
plasmalemmal vesicles, and Weibel-Palade bodies that
store von Willebrand factor protein. No endothelial abnor-
malities were seen in rats that received nicotine by subcu-
taneous injections or by continuous subcutaneous pumps.
These observations suggest that components of cigarette
smoke other than nicotine are responsible for the endo-
thelial cell changes associated with smoking. Researchers
reported that male Sprague-Dawley rats with exposure
to the smoke of five low-nicotine (1 mg) cigarettes for
20 to 30 minutes per day for four to six weeks had sig-
nificantly higher mean arterial blood pressure after bilat-
eral occlusion of the common carotid artery than did the
sham-exposed controls (Bennett and Richardson 1990).
Additionally, the time required to reach a maximum mean
arterial blood pressure after occlusion was significantly
less in the animals exposed to cigarette smoke versus the
sham-exposed controls. Only one smoke concentration
was used in this study. Using anesthetized, mechanically
ventilated rats as an in vivo model, researchers showed
that cigarette smoke produced a biphasic change in the
diameter of the cerebral arterioles and an increase in mean
arterial blood pressure in rats (Iida et al. 1998). An initial
vasoconstriction was seen in animals breathing the smoke
but not in animals receiving an intravenous infusion of
nicotine. These findings led researchers to conclude that
a smoke constituent other than nicotine was responsible
for the early vascular change. Thromboxane A, was pro-
posed as the agent responsible for the vasoconstriction.
Others have determined that cigarette smoking, but not
the use of transdermal nicotine or smokeless tobacco,
increased concentrations of thromboxane A, (Wennmalm
et al. 1991; Benowitz et al. 1993).

Cardiovascular changes were observed in several
studies of short-term and lifetime inhalation cigarette
smoke exposure in rodents. Investigators studied male
Wistar rats with whole-body exposure to the smoke of
an unidentified commercial cigarette for 30 days. They
observed a significant increase in left ventricular systolic
diameter and a significant reduction in systolic shorten-
ing fraction and ejection fraction compared with those
in unexposed controls (de Paiva et al. 2003). No change
in heart rate or heart weight was seen under the expo-
sure conditions of this study. Another study demon-
strated a significant increase in heart weight in female,
but not male, Sprague-Dawley rats with 13 weeks of daily
nose-only inhalation exposure to the smoke of a custom-
blended experimental cigarette smoked under FTC condi-
tions (Coggins et al. 1989). Other investigators conducted
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a 13-week inhalation study of male and female F-344 rats
exposed to smoke of mentholated or nonmentholated cig-
arettes. Male rats exposed to medium or high doses and
female rats exposed to high doses of smoke from men-
tholated cigarettes, machine smoked under FTC condi-
tions, developed a significant increase in the ratio of heart
weight to body weight (Gaworski et al. 1997). Male and
female rats exposed to high doses of smoke from nonmen-
tholated cigarettes also had a significant increase in car-
diomegaly (high ratio of heart weight to body weight). The
difference between treated and control animals was no
longer significant after a six-week recovery period. Dalbey
and colleagues (1980) observed fibrosis and thickening of
arterioles in the heart papillary muscle of female F-344
rats with daily nose-only inhalation exposure for 126 to
128 weeks to smoke from unfiltered experimental ciga-
rettes. No smoke-related pathologic changes to the large
vessels were detected from the one concentration of smoke
(10 percent) that was used.

Studies using dermal applications of smoke con-
densate or inhalation exposure to cigarette smoke dem-
onstrated that chemicals in cigarette smoke underwent
covalent binding to heart tissue DNA in laboratory animals
(Randerath et al. 1986, 1988; Reddy and Randerath 1990;
Brown et al. 1998; Gupta et al. 1999). Studies of cigarette
smokers showed that the heart tissue contained more
DNA adducts than that from nonsmokers or former smok-
ers (Van Schooten et al. 1998). They also demonstrated a
linear relationship between DNA adduct levels and daily
cigarette smoking. Furthermore, higher DNA adduct
levels were associated with a higher degree of coronary
artery disease.

Respiratory Studies in Animals

Exposure to chemicals in cigarette smoke affects
the function of the respiratory system in laboratory ani-
mals and humans. Notably, exposure to cigarette smoke
affected airway mucociliary function (Shephard 1978;
Wanner 1985; Finch et al. 1995). Another researcher
demonstrated that exposure resulted in a dose-dependent
inhibition of lung clearance and increased absorption of
components of the inhaled smoke through the tracheo-
bronchial airways, especially where particle deposition
occurred and mucociliary clearance was less efficient, spe-
cifically at the ridges within bifurcations and in posterior
sections of tubular airways (Martonen 1992). Studies have
shown that the activity of xenobiotic metabolizing (cyto-
chrome P-450) enzymes in human lung tissue is likely
sufficient to cause in situ activation of pulmonary toxi-
cants (Castell et al. 2005). Species differences in enzyme
activities have led some to question the use of animal
data to predict toxic effects in humans from chemicals

requiring bioactivation to reactive metabolites (Castell et
al. 2005). Short-term assays to evaluate the components
of cigarette smoke that impair mucociliary function were
described in the “Cytotoxicity” section earlier in
this chapter.

Persistent pulmonary inflammation from repeated
exposure to cigarette smoke may lead to more severe
alterations in the structure and function of the lung
(Stratton et al. 2001). For example, researchers concluded
that emphysema in cigarette smokers reflects a low-level,
chronic inflammatory process in the lower respiratory
tract with an imbalance of protease and antiprotease
activities leading to the degradation of connective tissue
(Churg et al. 2002).

Syrian golden hamsters have been used extensively
to study the pathogenesis of emphysema. They show a pat-
tern of inflammatory airway response and impaired activ-
ity of antioxidants (superoxide dismutase and catalase)—a
pattern similar to that in humans with repeated expo-
sure to cigarette smoke (Hoidal and Niewoehner 1982;
McCusker and Hoidal 1990). Rat strains were shown
to be more resistant to the induction of emphysema by
exposure to cigarette smoke, but susceptibility in mice
was strain specific (Groneberg and Chung 2004). Research
on emphysema induced by cigarette smoke in animals has
not consistently demonstrated progression of the disease
(March et al. 1999). In a comparative study of B6C3F,
mice and F-344 rats, the mouse strain displayed more
morphometric changes (parenchymal air-space enlarge-
ment, volume density of alveolar air space, and loss of
alveolar tissue) and significantly more neutrophils within
inflammatory lesions in the lung. Morphometric differ-
ences in the mice at 13 months were greater than those at
7 months. This finding suggests that in mice, emphysema
induced by cigarette smoke may be progressive. Animals
received a whole-body exposure to the smoke of 2R1 ref-
erence cigarettes that were machine smoked (two 70-mL
puffs per minute) and diluted with filtered air to achieve
a chamber concentration of 250 mg of TPM/m3. The
exposure duration was six hours per day, five days per week.
The investigators concluded that the type of inflammatory
response may be a determining factor for differences in
susceptibility to emphysema induction by cigarette smoke
among test species.

Animal models can readily be used to detect and
quantitate the pulmonary inflammatory response to
inhaled compounds or mixtures, and the literature in this
area was reviewed (Stratton et al. 2001; IARC 2004). An
analysis of bronchoalveolar lavage (BAL) fluid for cellular
and biochemical indicators of inflammation allows quanti-
tation of the pulmonary inflammatory response of rodents
to inhaled cigarette smoke (Churg et al. 2002; Shapiro et
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al. 2003). The differential cell count and the functioning of
cells obtained by the BAL technique can be used to classify
the type of inflammatory response, and the biochemical
content of the BAL fluid can be used to detect release of
various cytokines and alterations in pulmonary surfactant
(Stratton et al. 2001; Miller et al. 2002).

Response of inflammatory cells, cytokine profiles,
enlargement of air space, and mechanical properties of
the lung (elastance) differed among mouse strains after
exposure to cigarette smoke (Guerassimov et al. 2004). In
one study, emphysema-resistant (ICR) and emphysema-
sensitive (C57BL/6) mouse strains showed differences in
BAL cytokine and chemokine responses following a nose-
only inhalation exposure to 2R1 reference cigarette main-
stream smoke (two-second, 35-mL puff, once per minute)
for two hours per day for seven days (Obot et al. 2004).
Test concentrations were achieved by diluting mainstream
smoke with fresh, conditioned air. There was a significant
dose response for chemokines and cytokines (KC, JE,
MIP-10,, MIP-2, RANTES, interleukin (IL)-17, SDF-1B)
that recruit or activate neutrophils and other cell types in
ICR mice, and a significant dose-response change in thy-
mus- and activation-regulated chemokines was noted in
C57BL/6 mice. Other researchers found that in contrast
to emphysema-resistant ICR mice, emphysema-sensitive
mouse strains (DBA/2 and C57BL/6J) showed a decrease in
BAL antioxidant capacity after acute whole-body exposure
to smoke (five cigarettes in 20 minutes) from a commer-
cial, Virginia-tobacco-type cigarette (Cavarra et al. 2001).
The animals that had lifetime exposure to the smoke (three
cigarettes per day for 90 minutes, five days per week, for
seven months) had decreased lung elastin content and
developed emphysema. In a study of male ICR mice
exposed five days per week for two weeks to mainstream
smoke from commercial, unfiltered, high-tar cigarettes
(1-second puff of 20-mL volume at 10-second intervals and
45 puffs per cigarette), the lungs showed evidence of senes-
cence of alveolar epithelial cells (increased B-galactosidase
activity, lipofuscin accumulation, and P21CIPV/WAFL/SDI1
protein in type II cells) (Tsuji et al. 2004). The researchers
proposed that the senescence prohibited lung epithelial
cells from proliferating and repopulating epithelial cells
lost to apoptosis during emphysema.

Bartalesi and associates (2005) also studied whole-
body exposure to cigarette smoke from three commercial,
filter-tipped, Virginia-tobacco cigarettes per day, five days
per week, for up to 10 months. This exposure produced
epithelial cell injury, loss of cilia in the airways, and a
positive reaction for mouse neutrophil elastase. The find-
ings suggested degradation of lung elastin in emphysema-
sensitive (C57BL/6]J and DBA/2) mouse strains. The
C57 strain of mice is moderately deficient in serum
ol-proteinase. Overt emphysema in the C57 strain was
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characterized by disseminated foci of severe emphysema
interspersed by normal parenchyma. In DBA/2 mice,
the foci of emphysema were scattered in a network of
uniformly dilated parenchyma. Other differences were
a greater fibrotic reaction and faster development of
emphysema in DBA/2 mice (three months versus six
months in C57 mice), and more extensive goblet cell
metaplasia and immunohistochemical reaction for IL-4,
IL-13, and MUC5AC (a secreted mucin) in C57 mice.
Further research with genetically modified mice
explored the role of al-antitrypsin (AAT), elastases, and
tumor necrosis factor-alpha (TNFo) in emphysema in-
duced by cigarette smoke. In one study, mice deficient
in AAT (C57BL/6J *pa/*pa [pallid]) developed diffuse,
panlobular emphysema affecting the entire air space,
and C57 mice with normal concentrations of AAT devel-
oped more localized centrilobular emphysema (Takubo
et al. 2002). Other more evident changes in the pallid
mice with low concentrations of AAT after daily sub-
chronic exposure (six months) to 2R1 cigarette smoke
were increased T-cell inflammation in the alveolar wall
and a reduced ability of the lungs to distend under pres-
sure (compliance). Other investigators studied mice
deficient in NE*-/*- or MMP-12*-/*-. The animals failed
to develop air-space enlargement after six months of
exposure to cigarette smoke from an unfiltered reference
cigarette (Hautamaki et al. 1997; Shapiro et al. 2003).
The investigators concluded that neutrophil elastase is
required for recruitment of neutrophils and macrophages
and for activation of MMP, which solubilizes extracellu-
lar matrix proteins including elastin. Other investigators
reported that mice deficient in MMP (MMP*-/*-) that had
a single exposure to the whole smoke of four 2R1 reference
cigarettes did not show the same early elevations in lavage
neutrophils, desmosine, or hydroxyproline that are seen
in mice with normal levels of MMP activity (MMP*+/%+)
(Churg et al. 2002). In a later study, these investigators
reported that the absence of TNFa receptors is protective
against infiltration of inflammatory cells, breakdown of
lung matrix, and air-space enlargement in mice lacking
P55 and P75 TNFa receptors (TNFRKO mice) after expo-
sure to whole smoke from four 2R1 reference cigarettes
five days per week for six months (Churg et al. 2004).
Several studies have shown that subchronic and
chronic exposure to cigarette smoke produced evidence of
respiratory tract toxicity that leads to emphysema in rats.
In one study, the total glutathione, reduced glutathione,
and protein-bound glutathione content in lung tissue of
Sprague-Dawley rats with whole-body exposure to smoke
from 2R1 reference cigarettes for 30 days, three times
per day, were significantly lower than those in unexposed
controls (Park et al. 1998). Oxidized glutathione increased
significantly in rats exposed to smoke. Smoke exposure
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also produced a treatment-related increase in 8-oxo-dG
DNA levels in the lungs. Cigarettes were smoked for 15 to
20 minutes to a fixed butt length in a 500-mL flask with
air pumped into the flask.

Researchers found increased lung IL-4 and MMP-
12 levels and decreased interferon-y levels in Wistar rats
after daily whole-body exposure to the smoke of 20 com-
mercial unfiltered cigarettes six hours per day, five days
per week, for three and one-half months (Xu et al. 2004).
The changes were accompanied by pathologic evidence
of emphysema in the form of inflammation, damage
to airway epithelium and cilia, reduced mean alveolar
number, air-space enlargement, and changes in pulmo-
nary function.

Chronic nose-only exposure of female Sprague-
Dawley rats to smoke from 2R1 reference cigarettes twice
per day significantly reduced the disaturated phosphati-
dylcholine and surfactant protein levels in BAL fluid, but
not in lung tissues, and significantly increased the albu-
min content of BAL fluid (Subramaniam et al. 1995). The
researchers also observed increased surface compressibil-
ity and decreased respreading on expansion (respreadabil-
ity index) of organic extracts of the BAL fluid from treated
rats compared with those for room controls and sham-
treated controls. Total levels of total lung phospholipids
were not significantly different among the groups.

In selective reviews of the literature, Coggins (1998,
2002) summarized other nonneoplastic histopathologic
changes observed in animals exposed to cigarette smoke:

e pulmonary fibrosis in C57 mice accompanied by
accumulation of lymphocytes and macrophages in
the peribronchiolar and perivascular regions;

e alveolar fibrosis, alveolitis, and bronchiolitis with
accumulation of macrophages in F-344 rats;

¢ granulomas in alveolar spaces and adjacent intersti-
tial areas of all lobes of the lung in F-344 rats;

e perivascular or peribronchiolar accumulation of
lymphoreticular cells, fibrosis and cellular enlarge-
ment of peribronchiolar septa, hyperplasia of type II
cells and septal fibrosis, and air-space enlargement
in F-344 rats;

¢ pulmonary edema, bronchial pneumonia, pulmo-
nary fibrosis, emphysema, and cor pulmonale in
beagle dogs that had tracheotomy; and

¢ pleural thickening, alveolar fibrosis, and subpleural
inflammation in beagle dogs without tracheotomy.

Reproductive and Developmental Studies in
Animals

Fertility and Conception

Animal studies have suggested altered gonadotropin
release, decreased luteinizing hormone surge, inhibition
of prolactin release, altered tubal motility, and motility
and impairment of blastocyst formation and implantation
as possible mechanisms of fertility impairment among
smokers (Stratton et al. 2001). In one study, male and
female Sprague-Dawley rats received nose-only exposure
to the smoke of 1R4F reference cigarettes (two-second
puff, one puff per minute, 35-mL puff) for two hours per
day, seven days per week, for four weeks before and dur-
ing mating for males, and for two weeks before mating,
during mating, and through gestation day 20 for females
(Carmines et al. 2003). The investigators observed a sta-
tistically significant decrease in weight of seminal vesicles
for males exposed to a low concentration or a medium
concentration of smoke. Weight gains during pregnancy
and mean uterine weight were significantly reduced in
the female rats exposed to a high concentration of smoke.
Fertility and conception endpoints unaffected by exposure
to smoke were sperm count, motility, and morphology in
males and corpora lutea, resorptions, implantation sites,
and mortality in females. In another study, three months
of whole-body inhalation exposure to mainstream smoke
for two hours a day from a commercial, filter-tipped, high-
tar cigarette mechanically smoked with a 50-mL syringe
did not lead to a reduction in uterine weight or estrous
cycle but did result in decreased estradiol concentration
in rat uterine tissue compared with that in uterine tis-
sues of sham-exposed control rats (Berstein et al 1999).
The proliferation index and proportion of uterine tis-
sue cells in S and G,/M phases were increased at three
weeks of exposure for two hours per day. By three months,
the differences in values from those of controls were no
longer statistically different, but they were significantly
lower than at three weeks, which the investigators attrib-
uted to a decline in the intensity of cell division.

In another study, Wistar rats received whole-body
exposure to the smoke of a commercial cigarette from
conception until parturition. Rats were exposed to ciga-
rette smoke six hours per day, five days per week, for 11
weeks: 6 weeks before mating, 2 weeks during mating, and
3 weeks during pregnancy (Florek and Marszalek 1999).
Three concentrations of cigarette smoke were monitored
by CO concentration, and exposure was assessed by the
determination of carboxyhemoglobin. Offspring were
mated to produce two subsequent generations. The
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researchers observed an apparent dose-dependent reduc-
tion in the mating index, fertility index, and the num-
ber of pregnant rats, but no influence on the duration of
pregnancy. This exposure regimen also resulted in a dose-
dependent decrease in the mean number of animals rear-
ing pups on the 21st postnatal day (Florek et al. 1999).

Researchers reported that the transport of preim-
plantation embryos through the oviduct was retarded in
golden hamsters with nose-only exposure to mainstream
or sidestream smoke of unfiltered 2R1 reference cigarettes
(DiCarlantonio and Talbot 1999). Low, medium, and high
doses were produced by generating smoke from two, four,
or six cigarettes. They observed that doses used in the
study produced serum concentrations of cotinine within
the range of those in women actively or involuntarily
exposed to cigarette smoke during pregnancy. Animals
were exposed to cigarette smoke (one puff per minute,
35-mL puff) 7 days per week, beginning 14 days before
mating and continuing through day 3 of pregnancy. In
females exposed to mainstream smoke, the increased per-
centage of embryos recovered from the oviducts on day
three of pregnancy was dose dependent. The difference in
these percentages for the hamsters in the medium- and
high-dose groups and the control hamsters, who breathed
only air, was statistically significant. The number of
embryos retained in the oviducts of hamsters in all three
groups exposed to sidestream smoke was significantly dif-
ferent from that for controls, but the researchers did not
observe a dose-dependent pattern. The contraction rate of
the oviductal muscle also decreased significantly during a
single exposure to either mainstream or sidestream smoke
and did not return to initial values during a 25-minute
recovery period.

Researchers have evaluated the effects of indi-
vidual components of cigarette smoke on reproduction
in hamster oviducts in vitro. Many components act in a
dose-response manner and inhibit oviduct function at
concentrations found in cigarette smoke. Talbot and col-
leagues (1998) showed that cyanide concentrations in
2R1 cigarette smoke were sufficient to inhibit the cili-
ary beat frequency and time needed for an oocyte cumu-
lus complex to travel through the oviduct to the ostium
(oocyte cumulus pickup rate) in golden hamsters. Other
constituents of cigarette smoke (acrolein, formaldehyde,
phenol, and acetaldehyde) produced these alterations at
concentrations that were 3 to 50 times higher than the
corresponding concentrations in the smoke of an experi-
mental 2R1 reference cigarette that was machine smoked
under a single set of conditions (two-second puff, one puff
per minute, 40-mL puff). All chemicals acted in a dose-
dependent manner, and inhibition of the ciliary beat
frequency for all except acrolein was at least partially
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reversible. The beat frequency of cilia treated with acro-
lein continued to decrease after the chemical was flushed
out of the perfusion chamber. Tested individually, indole,
5-methylindole, quinoline, isoquinoline, hydroquinone,
and substituted phenols (compounds present in the main-
stream smoke of cigarettes), at picomolar to micromolar
concentrations, inhibited oviductal functioning (ciliary
beat frequency, oocyte pickup rate, and the contraction
rate of infundibular smooth muscle) of golden hamster
oviduct explants. Substitution of an ethyl or methyl group
greatly increased the potency of the phenolic derivatives
over that of the parent compound (Riveles et al. 2005).
A recent study compared follicle loss and markers of
apoptosis in the ovaries of mice exposed to mainstream
cigarette smoke or Bla]P (Tuttle et al. 2009). Female
mice received a nose-only exposure to mainstream smoke
for eight weeks at a level equal to a pack-a-day habit in
humans. Compared with mice exposed only to air, smoke-
exposed mice had a significant reduction in the number
of follicles. There was no increase in apoptotic follicles or
other markers of cell death in response to cigarette smoke
exposure. In vitro treatment of cultured ovaries with
Bla]P did not increase apoptosis. The authors concluded
that smoke exposure selectively reduced follicles in the
primordial and transitional stages but that the loss was
not due to apoptosis (Tuttle et al. 2009).

Fetal Effects

Researchers have demonstrated fetotoxicity from
cigarette smoke exposure by reporting reduced fetal weight
in rats and mice exposed during gestation. Reduced fetal
weight is one of the most reproducible treatment-related
effects. In utero exposure of fetal Sprague-Dawley rats to
smoke from a king-size, filter-tipped, commercial ciga-
rette on days 1 through 20 of gestation produced a signifi-
cant reduction in fetal weight (Leichter 1989). For more
than two hours, the adult female rats were exposed to the
smoke of 10 lit cigarettes with the burning end of the ciga-
rette placed inside a whole-body-exposure chamber. Litter
size and placental weights were not different between rats
exposed to smoke and pair-fed controls given the amount
of food equal to that consumed by the smoke-exposed
group. The increase in resorptions of implanted embryos
in the group exposed to smoke was not significantly dif-
ferent from that in the controls. In a study of mainstream
smoke from 1R4F cigarettes (two-second puff, one puff
per minute, 35-mL puff), male Sprague-Dawley rats had
nose-only exposure for four weeks before and during mat-
ing and female rats had nose-only exposure for two weeks
before mating, during mating, and through gestation
day 20 (Carmines et al. 2003). Researchers identified a
significant decrease in mean fetal weight compared with
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that of the sham-exposed controls. The number of live and
dead fetuses was unaffected by smoke exposure. A series
of experiments with smoke from research cigarettes that
varied in levels of nicotine, condensate, and CO demon-
strated that the weight and length of fetuses from Sprague-
Dawley rats was dependent on the intensity and duration
of smoke inhalation (Reznik and Marquard 1980). All ciga-
rettes were machine smoked with one set of conditions
(two-second puff, one puff per minute, 35-mL puff). The
number of exposures per day, the duration of the exposure
in days, the number of puffs per cigarette, and the volume
of air used to dilute the smoke were varied to create dif-
ferent exposure groups. The mean fetal weight and length
decreased with increasing smoke concentrations, and
fetuses of rats exposed to cigarette smoke two, three, or
four times a day had significant reductions in weights and
lengths compared with the fetuses of rats exposed for one
period per day. Growth retardation was more extensive
when smoke exposure occurred during the second half of
pregnancy, but the reduction was less severe in the fetuses
of rats exposed during the entire pregnancy. These effects
could not be attributed to the CO concentration in the
smoke alone, because the effects were more pronounced
with exposure to the whole smoke than with exposure to
the gas phase. The number of resorbed fetuses was not
influenced by smoke exposure.

In one study, mice with the autosomal recessive
curly-tail gene received nose-only exposure to the main-
stream smoke of a commercial low-tar or high-tar ciga-
rette for 20 minutes, once a day from day zero to day eight
of pregnancy (Seller et al. 1992). Both cigarette varieties
were smoked under the same smoking-machine condi-
tions (two-second, 35-mL puff). The scientists observed
similar levels of increased embryonic loss and retarda-
tion in embryonic development. The decrease in the mean
somite number in the treated animals compared with that
in the sham-exposed mice was statistically significant.
Longer exposures (day 0 through day 17 of pregnancy) to
smoke from the low-tar cigarettes resulted in a fivefold
increase in intrauterine embryonic deaths, and live
embryos weighed significantly less than those from the
sham-treated group. Differences between the groups
exposed to smoke from the high- or low-tar cigarettes
were evident when exposure (10 minutes, three times a
day) was restricted to days six, seven, and eight of preg-
nancy. The scientists reported that differences between
the high-tar and low-tar treatment groups disappeared
when the dose of the smoke from the low-tar cigarettes
was increased. Weight loss in the treated pregnant mice
was statistically significant, and weight loss was not dose
dependent. Findings indicated a dose-response trend in
the various dosing regimens, and the effect on embryonic

survival and growth rate from exposure to the smoke of six
cigarettes was greater than that of two cigarettes.

Curly-tail and C57BL strain mice received nose-only
exposure on days six, seven, and eight of pregnancy to
the smoke of a commercial low-tar or high-tar cigarette
(Bnait and Seller 1995). One set of smoking-machine con-
ditions (two-second puff, one puff per minute, 35-mL puff)
was used to generate smoke from the low-tar and high-
tar cigarettes, which was puffed over the noses of the test
animals in individual chambers. Mice in both treatment
groups were sacrificed on day nine. The embryos were
removed, and embryonic cells from the fetal plate, sur-
face ectoderm, pericardium, and heart were examined by
scanning and transmission electron microscopy. In both
strains, the morphology of the exterior of the neural cells,
the surface ectoderm, the pericardium, and the heart were
the same. Cells from embryos of females in the high-tar
exposure group showed evidence of depressed metabolic
activity, suggesting anoxic damage that persisted 20 hours
after the exposure had ceased. In embryos from the low-
tar group, changes were also present but were less marked
than in embryos of mice in the high-tar group. No change
occurred in the total cell number or in the number of dead
cells or alteration in the mitotic index with either type of
cigarette, but C57BL embryos of mice in the low-tar group
had a significant reduction in the mitotic index compared
with embryos of sham-treated controls.

Developmental Effects

Animal studies have suggested that even brief expo-
sures from maternal smoking are detrimental to the very
early embryo (Bassi et al. 1984; Collins et al. 1985; Lich-
tenbeld and Vidic 1989; Moessinger 1989; Seller and Bnait
1995). Prenatal exposure to cigarette smoke resulted in
impaired growth and maturation of fetal lung, includ-
ing reduced lung volume, lower internal surface area,
fewer and larger alveoli, decreased lung interstitium and
parenchymal elastic tissue, increased density of paren-
chymal interstitium, and apparent reduction in synthesis
of surfactant.

Investigators in one study reported that a single four-
hour, whole-body exposure to smoke from filter-tipped or
unfiltered cigarettes (one puff per minute, 35-mL puff)
and a single intranasal administration of cigarette smoke
condensate induced DNA deletions in fetal C57BL/6J mice
homozygous for the pink-eyed unstable mutation (Jalili
et al. 1998). The phenotypic expression of the DNA dele-
tions was development of dark spots on the gray fur of
the offspring. Spotting frequency did not increase with
an increase in smoke concentration. The investigators
reported that chemicals in the particulate phase of
cigarette smoke that are possibly responsible for the
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DNA deletions are B[a]P, cadmium, acetamide, aniline,
o-toluidine, acrylonitrile, and catechol. (For a description
of transplacental genotoxic effects in rodents, see the sec-
tion on “Genotoxicity” earlier in this chapter.)

Developmental effects from exposure to cigarette
smoke were further studied in the curly-tail mouse and
in the C57BL strain, a strain not predisposed to neural
tube defects (Seller and Bnait 1995). Mice received nose-
only exposure to smoke from commercial low-tar or high-
tar cigarettes from day 0 through day 17. Six cigarettes
were smoked during each exposure, using one set of
smoking-machine conditions (two-second, 35-mL puff).
Mice in both treatment groups were sacrificed on day 18,
and the embryos were removed and examined for gross
congenital malformations. Treated mice (low tar and high
tar) showed significant reduction in number of ossifica-
tion centers in seven regions compared with sham-treated
controls. Changes were consistently more marked in the
animals exposed to low tar, but the differences were not
significantly different from those produced by exposure
to smoke from the high-tar cigarettes. One rib abnormal-
ity occurred in the C57BL mice, but no major congeni-
tal malformations were observed. In the curly-tail mice,
a modest increase in the frequency of open spina bifida
and exencephaly was observed. The researchers proposed
that although cigarette smoke is not a potent teratogen in
mice, it may have minor effects in mice that are geneti-
cally predisposed to an abnormality.

In a study of pregnancy-related adverse health
outcomes from exposure to cigarette smoke, fetuses of
Sprague-Dawley rats were examined for abnormalities of
the skull, extremities, and other parts of the body (Reznik
and Marquard 1980). The exposure regimens varied in
the number of exposures per day, in the period of expo-
sure during gestation, and in smoke concentrations from
research cigarettes with different yields of nicotine, con-
densate, and CO. All cigarettes were machine smoked with
one set of smoking-machine conditions (two-second puff,
one puff per minute, 35-mL puff). None of the regimens
produced an increase in malformations.

A study of developmental toxicity in the fetuses of
male and female Sprague-Dawley rats exposed to cigarette
smoke identified an incomplete supraoccipital ossifica-
tion and unossified sternebrae significantly more often in
smoke-exposed animals than in sham controls (Carmines
et al. 2003). The number of skeletal variations was dose
dependent. Fetal external and visceral variations in treated
animals and controls were not significantly different. The
exposure regimen consisted of nose-only inhalation for
two hours per day, seven days per week, for four weeks
before and during mating for males, and for two weeks
before mating, during mating, and through gestation
day 20 for females. Three concentrations of mainstream
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smoke were generated from 1R4F reference cigarettes
(two-second puff, one puff per minute, 35-mL puff) by
diluting the smoke with filtered, conditioned air. No deaths
among male rats were associated with exposure to smoke.
Occasional diarrhea, salivation, and red material around
the eyes and nose were noted among male rats exposed
to smoke and the sham controls. One female rat died of
causes unrelated to exposure during the study. Females
exposed to cigarette smoke also had diarrhea, salivation,
and red material around eyes and nose. The decrease in
maternal body weight during gestation days 0 through
20, mean maternal body weight at termination, and mean
uterine weight in the group exposed to high smoke con-
centration (600 mg TPM/m3) were statistically significant
compared with those in sham-control female rats.

In another study, two-day-old pups born to Sprague-
Dawley rats with nose-only daily exposure to mainstream
cigarette smoke from day 2 to day 22 of pregnancy had
selective reductions in protein kinase C gamma and delta
isoforms and neuronal nitric oxide synthase within the
dorsocaudal brainstem, a region relevant to respiratory
and other autonomic functions (Hasan et al. 2001). One
concentration of cigarette smoke exposure (1,000 mL =
10-mL puff x 10 puffs per cigarette x 10 cigarettes per day
at hourly intervals) was used in this study.

Other Health Effects

Immune System

Habitual use of cigarettes results in repeated con-
tact with thousands of chemicals. Researchers have shown
that antigens in tobacco and cigarette smoke are capable
of stimulating an immune response (Becker et al. 1976;
Romanski and Broda 1977; Lehrer et al. 1978, 1980; Fran-
cus et al. 1988). Experimental data suggest that nicotine
itself can affect the immune system, and at least one
researcher has identified an allergic reaction to nicotine
in a person exposed to cigarette smoke (Lee et al. 1998;
McAllister-Sistilli et al. 1998). In addition to nicotine, other
immunologically active chemicals are found in cigarette
smoke, including the common additive menthol (Rap-
paport and Hoffman 1941; McGowan 1966; Becker et al.
1976; Johnson et al. 1990; Mudzinski 1993; Li et al. 1997).
Research into mechanisms underlying allergic sensitiza-
tion induced by cigarette smoke suggests that exposure to
cigarette smoke suppresses the normal tolerance to com-
mon inhaled allergenic matter (Moerloose et al. 2006).
Exposure to ovalbumin, an inert antigen, and mainstream
smoke from five unfiltered 2R4F reference cigarettes pro-
duced a significant increase in ovalbumin-specific IgE and
airway inflammation rich in eosinophils and goblet cells
in male Balb/c mice. In mice exposed to ovalbumin and
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cigarette smoke, levels of cytokine IFN-y and thymus and
activation-regulated chemokine were significantly higher,
as were the number of dendritic cells, which are special-
ized for antigen capture, migration, and T-cell stimulation;
activated CD4-positive and CD8-positive T lymphocytes;
and peribronchial infiltrates with eosinophils. Mice
exposed only to cigarette smoke did not have increased
serum IgE, increased total numbers of cells in BAL fluid,
goblet cell hyperplasia in lung tissue, or increased levels of
cytokines and chemokines in BAL fluid supernatant.

A body of evidence suggests that exposure to ciga-
rette smoke produces changes in cellular and humoral
immune function in humans and laboratory animals
(Johnson et al. 1990). The immune and host defense sys-
tems are highly conserved across species; thus, organs and
cells of the immune system in humans, mice, and rats are
similar (Selgrade et al. 1995). However, the effect of ciga-
rette smoke on the immune system depends on the spe-
cies, the duration, and the level of exposure. Short-term,
low-level exposures generally do not affect the immune
system or may be stimulatory, whereas long-term expo-
sures (six months or more) or high levels of exposure were
found to be immunosuppressive (Thomas et al. 1974; Holt
et al. 1978; Gregson and Prentice 1981; Sopori et al. 1985;
Johnson et al. 1990). Smoking-related changes in the
peripheral immune system in humans were observed
(Stratton et al. 2001). These changes included high white
blood cell counts; high counts of cytotoxic or suppres-
sor T cells; low counts of inducer or helper T cells; slight
suppression of T-lymphocyte activity; significantly lower
activity of natural killer cells; low titers of circulating
immunoglobulin, except for elevated titers of IgE; and
increased susceptibility to infection. Researchers observed
similar effects in animals. More recently, researchers
reported decreased immune response and resistance to
transplanted tumor cells in mice with prenatal exposure
to cigarettes (Ng et al. 2006).

Animals exposed to cigarette smoke for extended
periods were more susceptible to challenges with tumor
cells and infectious agents than were unexposed animals
(Johnson et al. 1990). Scientists studied male C57BL/6J
mice with 26 weeks of exposure to the smoke of a king-
size, filter-tipped cigarette, with seven to eight minutes
of exposure to the smoke of 30 cigarettes per day on five
consecutive days per week and subcutaneous inoculation
with tumor cells (Chalmer et al. 1975). Tumors in the
mice had a significantly higher mean volume, which is a
measure of tumor growth rate, than did unexposed con-
trols. This group also had larger and significantly more
lung metastases. Animals exposed for only 10 weeks had a
significantly lower mean tumor volume than did control
mice. In a study of female C57BL/6 mice, toxic effects to

the cellular immune system induced by cigarette smoke
resulted in decreased viral neutralization, which was
reflected in significant decreases in levels of antibody to
serum adenovirus and a decrease in activated CD4 T cells
in the lung after adenovirus administration (Robbins et
al. 2004). The subchronic daily regimen, which consisted
of exposure to mainstream smoke from 1R1 or 1R3 refer-
ence cigarettes, also significantly reduced the number of
dendritic cells in the lung. Exposure inhibited CD4 T-cell
expansion and maximal activation and reduced numbers
of activated CD4 and CD8 T cells in response to adenovirus
administration. Animals exposed to smoke had percent-
ages of lung macrophages, B cells, and CD4 and CDS8 cells
similar to those of controls without exposure to cigarette
smoke. CD8 cytotoxic T lymphocytes are major effector
cells involved in immunologically specific tumor destruc-
tion in vivo, and CD4 T cells are essential for controlling
CD8 T-cell-dependent eradication of tumors (Shiku 2003).

In another study, tumor cells were injected into
offspring of female mice exposed to cigarette smoke and
air-only controls (Ng et al. 2006). Litter size, but not body
weight of offspring, was significantly reduced by prenatal
exposure to cigarette smoke. Male offspring injected with
tumor cells at 5 or 10 weeks of age and female offspring
injected at 5 weeks had a significant increase in tumor
incidence compared with that of offspring of mice exposed
to air only. Tumors grew significantly faster in the male
offspring with prenatal exposure to cigarette smoke. The
scientists observed no treatment-related effect on time to
tumor formation. Activity of cytotoxic T lymphocytes in
male pups exposed to cigarette smoke was significantly
reduced, but no effects on natural killer cell activity,
cytokine levels, histology of lymphoid organs, or subpopu-
lations of immune cells were observed. Scientists studied
adult mice that were susceptible (A/J strain) or resistant
(C3H strain) to lung tumors and were exposed to the
tobacco carcinogen NNK (Razani-Boroujerdi and Sopori
2007). The findings suggest that differences in immune
response to chemical carcinogens predicted differences
in tumor response to the carcinogens. In A/J mice, but
not in C3H mice, intraperitoneal treatment with NNK
suppressed anti-sheep red blood cell antibody plaque-
forming cells; T-cell proliferation induced by concanavalin
A; and the rise in intracellular calcium induced by anti-
CD3/CD28 antibody. NNK also stimulated a significantly
higher expression of cyclooxygenase-2 and of o7 nicotinic
acetylcholine receptors in the lungs of A/J mice than in
the lungs of C3H mice. The NNK treatments administered
in this study resulted in lung tumors in all A/J mice but
not in C3H mice.

Subchronic (14 weeks) exposure to a 6-percent
concentration of the smoke of filtered medium-tar
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cigarettes (two-second puff, one puff per minute, 35-mL
puff) resulted in increased alveolar macrophage activity in
Wistar rats (Gregson and Prentice 1981). The macrophage
activity and the increase in levels of macrophage acid
phosphatase were dose and time dependent. In a study
of Sprague-Dawley rats, exposures of 21 or more weeks
to the mainstream smoke of 2R1 reference cigarettes led
to significant inhibition of antibody production in lymph
node cells associated with the lung (Sopori et al. 1989).
Longer exposures of 35 to 39 weeks significantly reduced
the plaque-forming response of cells in other lymphoid
tissues. The plaque-forming response of lymph node cells
associated with the lung to a T-cell-independent antigen
was markedly reduced compared with the response of cells
from control rats. Proliferative responses of lymphoid tis-
sue associated with the lung to T-cell mitogens were unaf-
fected by this exposure, by the relative amounts of T and B
cells in lymph node cells associated with the lung or in the
spleen, or by macrophage function in the spleen.

In another study of the immunosuppressive effects
of exposure to cigarette smoke in female F-344 rats,
chronic, daily whole-body exposures of up to 30 months
to mainstream smoke from 1R3 reference cigarettes (two-
second puff, two puffs per minute, 70-mL puff) reduced
proliferation mediated by T-cell antigen and led to con-
stitutive activation of enzymes involved in activation of
the T-cell antigen receptor, tyrosine phosphorylase, and
phospholipase C-y1 (Kalra et al. 2000). At eight months,
T-cell proliferation in the spleen was significantly reduced
in response to anti-CD3 antibody, which directly binds
the T-cell antigen receptor and causes T-cell prolifera-
tion in the absence of activation of CD28 on T cells. Other
treatment-related evidence of altered antigen-mediated
T-cell signaling were depleted calcium stores sensitive to
inositol-1,4,5-triphosphate and decreased calcium mobi-
lization in spleen cells after ligation of the T-cell anti-
gen receptor.

Endocrine and Other Effects

Changes in blood glucose were noted in several
rodent bioassays. Single but not repeated exposure to
mainstream cigarette smoke produced a significant
increase in blood glucose levels in anesthetized, mechani-
cally ventilated Sprague-Dawley rats. The smoke was
inspired through a tracheal cannula (Iida et al. 1998).
In another study, subchronic nose-only inhalation expo-
sure to the mainstream smoke of mentholated or non-
mentholated cigarettes (two-second puff, one puff per
minute, 35-mL puff) resulted in a significant decrease in
blood glucose levels in a high-dose group of F-344 rats
exposed to smoke from menthol cigarettes or nonmen-
thol cigarettes compared with unexposed control animals
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(Gaworski et al. 1997). Similarly, subchronic nose-only
exposure to mainstream smoke from 1R4F reference ciga-
rettes (one puff per minute, 35-mL puff) produced a sig-
nificant decrease in glucose level in a high-dose group of
male Sprague-Dawley rats and in the two groups of female
rats with highest doses (Terpstra et al. 2003).

Andersson and colleagues (1985) studied acute,
nose-only, intermittent exposure to smoke from one,
two, or four unfiltered 1R1 reference cigarettes. This
exposure resulted in dose-dependent increases in cate-
cholamine utilization in the dopamine and noradrenaline
nerve terminal systems in the hypothalamus of Sprague-
Dawley male rats. Luteinizing hormone, prolactin, and
thyroid-stimulating hormone were significantly lower in
a dose-dependent manner in treated rats than in controls.
Corticosterone was significantly increased in rats with the
highest exposure. Follicle-stimulating hormone, adreno-
corticotropic hormone (ACTH), and vasopressin were not
affected by exposure to cigarette smoke. Treated animals
received nose-only exposure, but controls were exposed
only to air.

In a subsequent study, these investigators reported
that, in contrast, acute, nose-only continuous exposure of
male Sprague-Dawley rats to the smoke of one, two, or
four unfiltered 1R1 reference cigarettes produced smaller
reductions in catecholamine levels and increases in cat-
echolamine turnover and did not produce an increase in
dopamine utilization in the median eminence (Andersson
et al. 1987). The researchers proposed that intermittent
exposure to cigarette smoke produced stronger euphoric
and neuroendocrine-related effects than did continuous
exposure to cigarette smoke. As with male rats, diestrus
female Sprague-Dawley rats with intermittent 30 minutes
of nose-only exposure to the smoke of one, two, or four
unfiltered 1R1 reference cigarettes had decreased cate-
cholamine levels and increased catecholamine utilization
in hypothalamic and preoptic noradrenaline nerve termi-
nal systems and decreased serum prolactin and lutein-
izing hormone (Andersson et al. 1985). The effects were
dose and time dependent. In contrast to findings in male
rats (Andersson et al. 1985), for female rats, exposure to
cigarette smoke caused lower dopamine and noradrena-
line levels in the median eminence and lower ACTH levels
(Andersson et al. 1988). Exposure to cigarette smoke did
not inhibit secretion of the thyroid-stimulating hormone
in female rats as it did in male rats. Catecholamine levels
were measured in male Sprague-Dawley rats for 48 hours,
72 hours, or 7 days after an exposure regimen that con-
sisted of a daily 2-hour exposure to the smoke of two 1R1
unfiltered reference cigarettes for 10 days (Andersson et
al. 1989). At 48 hours after exposure, significantly lower
levels of serum corticosterone and serum prolactin were
noted and were attributed to maintained activation in
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dopamine utilization. At 72 hours, serum prolactin levels
were still significantly lower than those in controls. Brain
regions of increased catecholamine utilization in rats
exposed to cigarette smoke decreased with time and were
absent by seven days after exposure. Levels of ACTH were
not changed relative to those in controls exposed only
to air.

Jansson and colleagues (1992) found that age of
onset of postnatal endocrine changes varied by the dura-
tion of exposure to cigarette smoke. Male Sprague-Dawley
rats were exposed daily to the smoke of two 1R1 reference
cigarettes, beginning on day 1 after birth and continuing
for 5, 10, or 20 days. The rats were sacrificed 24 hours
after the 10- or 20-day exposure. Rat pups had a significant
increase in serum levels of luteinizing hormone compared
with levels in control pups exposed only to air. Animals
sacrificed seven months after the 20-day exposure had a
significant increase in serum prolactin levels. Pups sac-
rificed 24 hours after a 20-day exposure had a significant
increase in catecholamine utilization in the medial pali-
sade zone of the median eminence and a substantial
reduction in catecholamine utilization in the parvocellu-
lar and magnocellular parts of the paraventricular hypo-
thalamic nucleus. Changes in catecholamine utilization
were not seen in animals sacrificed seven months after the
20-day exposure to cigarette smoke. Serum corticosterone
levels and dopamine and norepinephrine utilization in
the hypothalamus were not significantly different for rats
exposed to smoke and controls.

Other researchers noted statistically significant
increases in the weight of the adrenal gland relative to body
weight in Sprague-Dawley rats after subchronic inhala-
tion exposure to the smoke of 1R4F reference cigarettes
(one puff per minute, 35-mL puff) (Terpstra et al. 2003).

Summary

Compared with the sham controls, the weight of the left
adrenal gland increased for males in the two groups with
the highest doses, whereas females had an increase in
the weight of the left and right adrenal glands in the two
groups with the highest doses.

An inverse relationship exists between smoking and
body weight in humans, and nicotine is believed to be
the chemical mediator (Chen et al. 2005). Direct nicotine
administration to humans or animals decreases body
weight and caloric intake. Scientists designed a study to
determine the effect of short-term exposure to cigarette
smoke on appetite control in male Balb/c mice. Inhalation
exposure to the smoke of three commercial cigarettes a
day for four days led to a significant decrease in plasma
concentrations of leptin, a hormone that signals sati-
ety (Chen et al. 2005). Animals exposed to smoke had a
decrease in mRNA expression of white adipose tissue
UCP1 (a mitochondrial uncoupling protein involved in en-
ergy metabolism) and an increase in mRNA expression of
brown adipsose tissue UCP3. Food intake and body weight
were significantly decreased in the animals exposed to
smoke compared with those in the sham controls, even
though plasma concentrations of corticosterone were
unchanged. Concentrations of hypothalamic neuropeptide
Y, which stimulates feeding behavior, were not affected by
the acute exposure regimen. Only one concentration of
smoke was used in this study, and details on smoking-
machine conditions were not provided. Other animal
studies with longer durations of exposure to cigarette
smoke also documented either weight loss or reduced
weight gain in treated animals compared with those in
unexposed controls (Ayres et al. 2001; Carmines et al.
2003; Witschi et al. 2004).

This chapter discusses a wide variety of chemicals
found in cigarette smoke. These chemicals extend across
a broad spectrum of volatility, lipophilicity, and reactiv-
ity, and include compounds that are known or suspected
to be carcinogenic, toxic, and addictive. Some of these
compounds also promote the carcinogenicity, toxicity, or
addictiveness of the other constituents of cigarette
smoke. Despite uncertainties about which chemi-
cal constituents are responsible for specific adverse
health outcomes, there is broad scientific agreement
about which chemicals in conventional tobacco-burn-
ing cigarettes could be harmful to individuals’ health.
Less is known about, and research is needed on, the

potentially harmful chemicals in smoke from new and
emerging cigarette technologies. Cigarette characteristics
that influence either nicotine delivery to the smoker or
smoke constituents that interact with nicotine deserve
special consideration, because nicotine maintains the
addiction and thereby leads to ongoing exposures of
smokers to chemical compounds with known adverse
health effects.

The levels of the chemical constituents in cigarette
smoke are influenced by many different factors. The lev-
els of the metals and nitrogen-containing compounds in
the tobacco are highly influenced by the soil in which it
is grown and the fertilizers used to promote growth of
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the plant. Many of the chemicals of direct concern vary
with the different types of tobacco (e.g., bright, bur-
ley, or oriental) that are combined to produce a specific
tobacco blend. Within a type of tobacco, the position of
the leaf on the stalk can also influence the chemical lev-
els in harvested tobacco leaves that will eventually affect
the levels in smoke. The inclusion of reconstituted and
expanded tobacco in cigarette fillers can also alter the
chemistry of cigarette smoke. After the tobacco is har-
vested, the method of curing and the addition of humec-
tants, sugars, and flavor-related compounds will change
the chemical composition of the tobacco that goes into
the cigarette. Different tobacco blends, filters, filter paper,
additives, and design innovations employed in cigarette
manufacturing have a profound influence on the levels of
toxicants transferred from tobacco into the mainstream
smoke with every single pulff.

It is well documented that cigarettes are not smoked
with the same puffing profile. The differences in smok-
ing patterns, including the number of puffs, the puff vol-
ume, and whether the smoker blocks the ventilation holes
greatly influence the delivery of smoke constituents to the
smoker. An individual smoker consumes each cigarette
differently, depending on the time of day, on individual
stress levels, and on the time since the last nicotine use.
The smoker will change the number of puffs taken, the
depth of the puff, and the degree to which ventilation
holes are blocked, depending on the individual circum-
stances occurring at that time. In addition, the rate of
metabolism of the chemicals after they enter the smoker’s
body, in addition to other enzymatic and genetic effects,
can influence how long the chemical species of concern
remains in the smoker’s system. It is broadly understood
that there is not a single machine-smoking method that
can be used to project the levels of chemical constituents
that are found in the human body.

Validated biomarkers of exposure that correlate with
dose (the number of cigarettes smoked per day) or that
provide information on metabolic activation and detoxi-
fication have been reported in the literature. Additional
research is needed to determine levels of reduction of
these chemicals in cigarette smoke that would produce
measurable decreases in the dose delivered to the smoker.
Although some biomarkers (nicotine and its metabolites
and the TSNAs) are specific to tobacco exposure, most
are not specific to tobacco and are influenced by diet,
occupation, or other environmental factors. Also, although
biomarkers typically represent only recent exposures, the
strongest determinant of risk for many diseases (e.g., lung
cancer) caused by tobacco use is the duration of smok-
ing (IARC 2004). Carcinogen adducts as biomarkers of
biologically effective doses are the most direct measure
of tobacco-induced damage at cancer sites in smokers.

78 Chapter 3

Surrogate measures such as DNA oxidative repair lesions
in urine and thioether levels respond in a dose-related
manner to exposure to cigarette smoke and reflect an
ongoing state of oxidative stress in the body of a smoker.
Biomarkers of potential harm exist for all major tobacco-
related diseases. The predictive value of these biomarkers
is lessened by their nonspecific nature.

In vitro assays using mammalian or bacterial cellu-
lar systems show that cigarette smoke is mutagenic and
cytotoxic. Genetic damage to the cell and altered metabolic
activities probably play a role in tobacco-related chronic
diseases such as cancer and cardiovascular disease. Nota-
bly, oxidative DNA damage and markers of oxidative stress
are represented by increased levels of oxidatively modi-
fied DNA bases in urine, white blood cells, and lung tis-
sue and by oxidative damage to sperm DNA and seminal
fluid; increased oxidation of cell membrane lipids (F,-
isoprostanes) in adult and cord blood; and decreased levels
of reduced glutathione in lung cells and heart tissue. In
addition, short-term mutagenicity and cytotoxicity assays
have led to the identification of several potentially caus-
ative chemical agents in cigarette smoke (e.g., aromatic
amines and heterocyclic amine protein pyrolysate prod-
ucts in the Salmonella mutagenicity assay and HCN and
acrolein in cytotoxicity assays). Future in vitro research
on mutagenicity and cytotoxicity will likely involve ciga-
rette smoke produced under smoking-machine conditions
that more closely mimic human smoking behavior, rather
than one standard set of conditions such as the FTC or
ISO methods.

Many smoking-related effects in humans can be
reproduced in experimental animals. Some of the most
promising animal models are those for emphysema and
cardiovascular disease induced by cigarette smoke. In
contrast, animals have not proven to be good models for
the type of lung tumors induced by cigarette smoke in
humans. In the absence of a widely accepted animal model
for tobacco carcinogenesis, ample data show that ciga-
rette smoke and its condensate are tumorigenic in several
animal species and are mutagenic in a variety of systems.
Current animal studies have attempted to demonstrate a
dose-response relationship by using either the smoke or
the condensate from one cigarette type diluted to pro-
duce several concentrations or the smoke or condensate
from cigarettes from different yield categories. In either
instance, researchers have used one set of smoking-
machine conditions to produce the cigarette smoke or
condensate. Standardized smoking-machine conditions
such as the FTC or ISO methods are useful for comparisons
between cigarettes but are less relevant to the exposure
of human smokers. Future studies will likely incorporate
alternative smoking-machine conditions required by some
countries or designed to mimic human smoking patterns.
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In general, an absence of human data requires
researchers to use the results of experiments with labora-
tory animals and nonanimal systems to estimate human
risk. The sum of several decades of laboratory research
lends experimental support to the epidemiologic obser-
vations that cancer, respiratory disease, cardiovascular
disease, and other adverse health outcomes are caus-
ally related to cigarette smoking. Although some topics
were not a primary focus of this chapter, of note are the
instances when sidestream smoke, frequently used as a
surrogate for environmental tobacco smoke or second-
hand smoke, proved to be more toxic than mainstream
smoke, which is inhaled directly by the smoker—for
example, in the neutral red cytotoxicity assay and in the
development of aortic plaque in the cockerel. Many chem-
icals of concern to public health are present in higher con-
centrations in sidestream smoke, the main contributor to
secondhand smoke exposure, than in mainstream smoke:
1,3-butadiene, ammonia, aromatic amines, benzene,
CO, isoprene, nicotine, nitrosamines, PAHs, pyridine,
and toluene.

Perhaps the greatest utility of toxicity testing of
cigarette smoke and condensate comes from the ability to

Conclusions

explore mechanisms by which tobacco and the constitu-
ents of its smoke cause disease, to identify better biomark-
ers of potential disease risk for use in both clinical and
population-based studies, and possibly to evaluate the
relative contribution of cigarette components and design
features (e.g., additives, tobacco blends, nontobacco com-
ponents, and filter ventilations) to the inherent toxicity
and addictiveness of the product.

The uncertainties in understanding all of the fac-
tors involved in the delivery and uptake of toxic, carci-
nogenic, and addictive chemicals in cigarette smoke and
the mechanisms of toxicity induced by cigarette smoke
should not impede efforts to lower the concentrations
of these chemicals in cigarette smoke. There are ways to
lower the concentrations of toxic constituents in cigarette
smoke, although additional research is needed to deter-
mine the levels of reduction required for achievement of
measurable and biologically relevant decreases in deliv-
ery of these constituents to the smoker. Such approaches
include controls over tobacco growing and curing; the
types of tobacco used in the filler, including the use of
reconstituted tobacco; the use of additives such as men-
thol; and the design of the cigarette.

1. In spite of uncertainties concerning whether par-
ticular cigarette smoke constituents are responsible
for specific adverse health outcomes, there is broad
scientific agreement that several of the major classes
of chemicals in the combustion emissions of burned
tobacco are toxic and carcinogenic.

2. The design characteristics of cigarettes, including
ventilation features, filters, and paper porosity, have
a significant influence on the levels of toxic and carci-
nogenic chemicals in the inhaled smoke.

3. The different types of tobacco lamina (e.g., bright,
burley, or oriental) that are combined to produce a
specific tobacco blend have a significant influence on
the levels of toxic and carcinogenic chemicals in the
combustion emissions of burned tobacco.

4. There is no available cigarette machine-smoking
method that can be used to accurately predict doses of
the chemical constituents of tobacco smoke received
when using tobacco products.

5. Tobacco-specific biomarkers (nicotine and its
metabolites and the tobacco-specific nitrosamines)
have been validated as quantitative measures of expo-
sure to tobacco smoke among smokers of cigarettes
of similar design who do not use other tobacco-
containing products.

6. Although biomarkers of potential harm exist for most
tobacco-related diseases, many are not specific to
tobacco and levels are also influenced by diet, occupa-
tion, or other lifestyle or environmental factors.
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How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease

Introduction

Nicotine addiction is the fundamental reason that
individuals persist in using tobacco products, and this
persistent tobacco use contributes to many diseases
described in this report. The 1988 report, The Health
Consequences of Smoking: Nicotine Addiction: A Report
of the Surgeon General (U.S. Department of Health and
Human Services [USDHHS] 1988, p. 9), describes the phar-
macologic basis of tobacco addiction and arrives at three
major conclusions:

1. Cigarettes and other forms of tobacco are addicting.

2. Nicotine is the drug in tobacco that causes addic-
tion.

3. The pharmacologic and behavioral processes that
determine tobacco addiction are similar to those
that determine addiction to drugs such as heroin
and cocaine.

Tobacco addiction remains a substantial problem in
the United States and worldwide. Of those individuals who
have ever tried smoking, about one-third become daily
smokers (USDHHS 1994, p. 67). Of those smokers who
try to quit, less than 5 percent are successful at any one
time (Centers for Disease Control and Prevention [CDC]
2002, 2004). Although not all smokers become nicotine
dependent, the prevalence of individuals diagnosed as
nicotine dependent is higher than that for any other sub-
stance abuse disorder (Anthony et al. 1994; CDC 1995b;

Definition of Nicotine Addiction

Kandel et al. 1997). Any efforts to reduce tobacco-related
disease must take into account the addiction potential of
a tobacco product.

Since the 1988 Surgeon General’s report was pub-
lished, significant advances have been made in under-
standing the physiological effects of nicotine and the basis
for addiction:

1. identifying specific genotypes and receptor subtypes
that may contribute to and play an important role in
nicotine addiction,

2. observing sensitivities and responses to nicotine in
adolescents that might make them more susceptible
to nicotine addiction than adults are and recogniz-
ing the different trajectories for the development of
nicotine dependence,

3. developing a greater awareness of the important role
of associative learning in addiction,

4. recognizing the strong associations between smok-
ing and comorbid psychiatric disorders, and

5. achieving a better understanding of the relapse and
recovery processes.

The goals of this chapter are to describe these
advances and their implications and to discuss future
directions.

The crux of understanding the pathophysiology of
tobacco addiction and its measurement relies on the iden-
tification of critical characteristics and the definition of
addiction. This area continues to evolve, and significant
gaps in research are evident. There is no established
consensus on criteria for diagnosing nicotine addiction.
However, researchers have identified several symptoms as
indicators of addiction. The 1988 Surgeon General’s report
lists the following general “criteria for drug dependence,”
including nicotine dependence (USDHHS 1988, p. 7):

Primary Criteria

e Highly controlled or compulsive use
e Psychoactive effects

e Drug-reinforced behavior

Additional Criteria
e Addictive behavior, often involves:
— stereotypic patterns of use
— use despite harmful effects
— relapse following abstinence
— recurrent drug cravings
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¢ Dependence-producing drugs often produce:
— tolerance
— physical dependence
— pleasant (euphoriant) effects

These criteria are consistent with those for a diag-
nosis of dependence provided in the Diagnostic and Sta-
tistical Manual of Mental Disorders, 4th ed. (DSM-IV)
(American Psychiatric Association [APA] 2000) and the
International Classification of Diseases, Tenth Revision
(ICD-10) (Table 4.1) (World Health Organization [WHO]
1992). The diagnosis of dependence using these diagnos-
tic systems depends on the person experiencing a specific
number of these symptoms. The relevance of some of
these symptoms to nicotine addiction may be question-
able because the DSM criteria are used across different
drugs of abuse. For example, one symptom of addiction
is that a great deal of time is spent in activities necessary
to obtain the substance or recover from its effect. This
criterion may not be as relevant to the diagnosis of nico-
tine addiction compared with other abused substances.
Another prominent instrument that researchers have
used to determine the degree or severity of dependence in

Table 4.1

Criteria for substance (nicotine) dependence

smokers is the Fagerstrom Tolerance Questionnaire (FTQ)
(Fagerstrom 1978; Fagerstrom and Schneider 1989), and
a later, modified version, the Fagerstrom Test for Nicotine
Dependence (FTND) (Heatherton et al. 1991). The items
on these scales, which describe the extent of nicotine
exposure, the impaired control over use, and the urgency
for use, are listed in Table 4.2. The first item, time to first
cigarette after waking, is by itself a stronger predictor of
relapse than is any other self-report measure of depen-
dence (Baker et al. 2007). The 1988 Surgeon General’s
report describes the general characteristics and criteria
for drug dependence, DSM-IV and ICD-10 describe the cri-
teria necessary for diagnosis of dependence, and the FTQ
and FTND can be used to determine the degree of depen-
dence. The core features across these diagnostic methods
include (1) repeated and compulsive self-administration;
(2) impaired control over use (e.g., repeated unsuccess-
ful attempts to stop use or continued use despite known
harmful consequences); (3) high motivation to seek the
drug, because of cravings, regulation of affect (e.g., smok-
ing to ease a depressed mood, for relaxation, or for stimu-
lation), or other reasons associated with the psychoactive
effects of the drug; (4) judgment of greater value from

DSM-IV

ICD-10

A maladaptive pattern of substance use, leading to clinically significant

impairment or distress, as manifested by 3 or more of the following

criteria, occurring at any time in the same 12-month period

e Tolerance—need increased amounts of substance to achieve desired ¢ Increased tolerance

effect, or diminished effect with continued use of same amount

e Withdrawal symptoms

e Physical withdrawal at times

e Substance often taken in larger amounts or over longer period than e Strong desire to take drug

intended

e Persistent desire or unsuccessful efforts to cut down or control

substance use

e Difficulty controlling use

e Great deal of time spent in activities necessary to obtain substance,

use substance, or recover from its effects

e [mportant social, occupational, or recreational activities given up or ® Higher priority given to drug use than to other

reduced because of substance use

e Substance use continued despite knowledge of having persistent

activities and obligations

e Persistent use despite harmful consequences

or recurrent physical or psychological problem likely to have been

caused or exacerbated by substance

Source: Adapted from Royal College of Physicians of London 2000 with permission from Royal College of Physicians, © 2000.
Note: DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, 4th ed.; ICD-10 = International Classification of Diseases,

Tenth Revision.
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Table 4.2 Questions, answers, and scoring for Fagerstrom Test for Nicotine Dependence and Fagerstrom
Tolerance Questionnaire
Questions Answers Points
Fagerstrom Test for Nicotine Dependence?
How soon after you wake up do you smoke your first cigarette? Within 5 minutes 3
6-30 minutes 2
31-60 minutes 1
After 60 minutes 0
Do you find it difficult to refrain from smoking in places where it is Yes 1
forbidden (e.g., in church, at the library, in the cinema, etc.)?
No 0
Which cigarette would you hate most to give up? The first one in the morning 1
All others 0
How many cigarettes/day do you smoke? <10 0
11-20 1
21-30 2
>31 3
Do you smoke more frequently during the first hours after waking up than ~ Yes 1
during the rest of the day?
No 0
Do you smoke if you are so ill that you are in bed most of the day? Yes 1
No 0
Fagerstrom Tolerance QuestionnaireP
How soon after you wake up do you smoke your first cigarette? Within 30 minutes 1
After 30 minutes 0
Do you find it difficult to refrain from smoking in places where it is Yes 1
No 0
Which cigarette would you hate to give up? The first one in the morning 1
Any other 0
How many cigarettes/day do you smoke? <15 0
16-25 1
>26 2
Do you smoke more during the morning than during the rest of the day? Yes 1
No 0
Do you smoke if you are so ill that you are in bed most of the day? Yes 1
No 0
What is the nicotine level of your usual brand of cigarette? <0.9 mg 0
1.0-1.2 mg 1
>1.3 mg 2
Do you inhale? Never 0
Sometimes 1
Always 2

Note: mg = milligrams.
aData are from Heatherton et al. 1991.
bData are from Fagerstrom and Schneider 1989.
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use of the drug over other reinforcers or activities; and
(5) manifestation of physical dependence, as evidenced by
withdrawal or tolerance.

Despite acknowledgment of these core features, the
current diagnostic criteria for nicotine addiction have cer-
tain limitations. Beginning in 2005, a group of scientists
have worked to delineate the various issues surrounding
the measurement of nicotine dependence. The results of
this work were published in June 2009 (National Cancer
Institute [NCI] 2009). These issues included the following:

1. whether nicotine addiction is categorical, dimen-
sional, or emergent (changing over time) and,
if emergent, whether different aspects of depen-
dence are observed early or late in the process of
dependence, for example, aspects more related to
social, sensory, and associational learning versus a
more physical dimension with a longer duration of
drug use;

2. whether nicotine addiction is unidimensional or
multidimensional and, if multidimensional, whether
symptoms or dimensions warrant weighting or are
additive;

3. whether a threshold of severity or a certain number
or specific types of symptoms are needed for diagno-
sis of nicotine addiction;

4, whether motivations or cognitive processes for
seeking a drug are important components of the
addiction;

5. whether multiple profiles, patterns, and pathways of
addiction exist; and

6. whether the quantity and frequency of use play a
critical role in addiction.

Other current measures of nicotine addiction or
tobacco dependence are shown in Table 4.3 that are
beginning to consider and address some of the limita-
tions of current definitions of addiction and that consider
nicotine addiction to be comprised of more than one
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phenotype (expression of a trait on the basis of genetic and
environmental influences). Developing valid measures
of the various phenotypes of dependence is critical for
researchthat (1) examines how these phenotypesare related
to the trajectory and cessation of smoking behaviors and
(2) determines whether these phenotypes are related to
specific neurobiologic measures of addiction or to spe-
cific genes.

In this chapter, the terms “dependence” and
“addiction” have been used interchangeably. For some
disciplines, dependence has been primarily associated
with physiological manifestations of repeated tobacco use,
but compulsive drug seeking is typically at the core of
both the technical term “dependence” and the more gen-
eral term “addiction.” Furthermore, the terms “nicotine
dependence” and “tobacco dependence” are used inter-
changeably. Nicotine is the drug in tobacco that leads to
compulsive drug seeking or addiction. However, several
lines of epidemiologic and laboratory evidence presented
in this chapter indicate that tobacco-delivered nicotine is
substantially more addictive than are pure nicotine forms.
Other tobacco constituents, delivery methods, and pro-
cesses may play a critical supporting role.

Factors contributing to nicotine or tobacco addic-
tion include the following:

1. the effects of the product itself, including the addic-
tive constituents, their pharmacokinetics and phar-
macodynamics, and the design of the product that
delivers the addictive constituents (see Chapter 3,
“Chemistry and Toxicology of Cigarette Smoke and
Biomarkers of Exposure and Harm”);

2. the response of the host, including genetic suscepti-
bility and physiological response; and

3. the environmental setting that determines the
availability of, accessibility to, and norms for use of
the product.

Like the 1988 Surgeon General’s report on nicotine
addiction, this chapter focuses primarily on the effects of
the product and the response of the host.
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Measures of nicotine addiction

Measures

Characteristics

Fagerstrom Tolerance
Questionnaire (FTQ)
(Fagerstrom 1978;
Fagerstrom and
Schneider 1989)

Fagerstrom Test for
Nicotine Dependence
(FTND) (Heatherton et
al. 1991)

Heaviness of Smoking
Index (Heatherton et al.
1989)

Diagnostic and
Statistical Manual of
Mental Disorders, 4th ed.
(DSM-IV) (APA 1994)

Unidimensional and continuous scale that measures behavioral and physiological aspects of addiction
(e.g., rate of smoking, morning smoking, and difficulty refraining from smoking) and was developed
to measure physical dependence. Both FTQ and FTND show limited internal consistency (Pomerleau
et al. 1990; Etter et al. 1999). FTND is a multidimensional scale (<2 factors) summarized as single
score (Haddock et al. 1999; Breteler et al. 2004). Adequate test-retest reliability, particularly with
FTND (Pomerleau et al. 1994). Modestly correlates with levels of carbon monoxide, nicotine, and
cotinine; weak predictor of withdrawal symptoms (Hughes and Hatsukami et al. 1986; Shiffman et

al. 2004a; Etter et al. 2005); and modest or weak predictor of treatment outcome (Pinto et al. 1987;
Silagy et al. 1994; Haddock et al. 1999; Etter et al. 2003a, 2005; Piper et al. 2006). Moderates efficacy
of nicotine medications (Shiffman and Paton 1999). Does not have incremental value compared with
measures of number of cigarettes/day (Razavi et al. 1999; Dale et al. 2001). A single item—time to first
cigarette—is a good predictor of cessation success and reflects a pattern of heavy, uninterrupted, and
automatic smoking (Transdisciplinary Tobacco Use Research Center et al. 2007).

FTQ was modified for adolescents (Prokhorov et al. 1996, 2000). One item was eliminated—brand

of cigarette or number of cigarettes per day—depending on study. Most items were changed to
4-point rating scales. One factor accounted for 41-53% of the variance. Interitem and item-to-total
score correlations were weak to moderate. Internal consistency was adequate, with good test-retest
reliability. Modest correlations were observed with amount smoked and between scales for individual
items (except inhalation item) and cotinine levels.

Stanford Dependence Index is also modified FTQ with only 5 items that are assessed on a 4- to
6-point scale. This measure was used in adults (Killen et al. 1990) and adolescents (Rojas et al. 1998).
Adequate test-retest reliability was observed for both populations. In the adolescent population,

total scores were significantly related to smoking rate, cotinine levels, and self-reported severity of
withdrawal in past attempts to stop smoking.

Two items from FTQ: time to first cigarette of day and number of cigarettes/day.

Categorical (nicotine dependent and not nicotine dependent) diagnostic resource that measures
cognitive, behavioral, and physiological aspects of addiction. Criteria are consensus driven rather
than theory driven and involve pattern of repeated drug use that results in withdrawal, tolerance,
and compulsive drug taking despite negative consequences. DSM diagnosis is assessed by structured
and semistructured interviews, such as Diagnostic Interview Schedule (DIS) (Robins et al. 1990)

or Composite International Diagnostic Interview Substance Abuse Module (Robins et al. 1990).

DIS results in 2-factor structure (Radzius et al. 2004). Diagnosis of dependence is also made by
surveys, such as National Comorbidity Survey and National Survey on Drug Use & Health [formerly
the National Household Survey on Drug Abuse], or by self-reported measures such as Tobacco
Dependence Screener (TDS) (Kawakami et al. 1999). TDS has a continuous score and acceptable
internal consistency. DSM-IV diagnoses assessed in epidemiologic surveys are associated with heavier
smoking and predict persistence in smoking (Breslau et al. 2001). DSM-IV diagnosis is a stronger
predictor of cessation than FTND, but weaker than number of cigarettes/day (Breslau and Johnson
2000), and it is poorly correlated with FTND (Moolchan et al. 2002). TDS is associated with number
of cigarettes/day, carbon monoxide levels, and duration of smoking (Kawakami et al. 1999; Piper

et al. 2006). Limitation: dichotomous diagnostic classification does not capture dependence that
varies in degree, assumes unidimensionality, and masks heterogeneity (e.g., diagnosis can be met by
endorsement of any of several criteria).
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Table 4.3

Continued

Measures

Characteristics

Hooked on Nicotine

Checklist (DiFranza et al.

2002a)

Cigarette Dependence
Scale (CDS) (Etter et al.
2003a, 2005)

Wisconsin Inventory of
Smoking Dependence
Motives (WISDM) (Piper
et al. 2006)

Nicotine Dependence
Syndrome Scale (NDSS)
(Shiffman et al. 2004a;
Shiffman and Sayette
2005)

Unidimensional, continuous, 10-item measure to stop smoking theoretically derived on the basis

of theory of loss of autonomy. Items measure inability to stop smoking, difficulty refraining from
smoking in prohibited places, craving and need for cigarette, and withdrawal and feeling addicted.
One-factor solution explains 60% of variance. Strong internal reliability, moderate-to-strong test-
retest reliability of individual items and total score (O’Loughlin et al. 2002), and strong positive
relationship to maximum frequency of smoking and maximum amount smoked. Weak correlation
with duration of smoking. Significantly associated (those who endorsed at least 1 item on the scale)
with failed attempt at smoking cessation, continued smoking until end of follow-up, and progression
to daily smoking. High rate of symptom endorsement even in persons who ever used tobacco.

Unidimensional, continuous measure and empirically derived scale (single-factor structure) that
covers main criteria for DSM-IV and International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision. Definitions for dependence include compulsion, withdrawal
symptoms, loss of control, time allocation (the amount of time spent smoking), neglect of other
activities, and persistence despite harm, but exclude tolerance. This scale has 2 forms, CDS-12 and
CDS-5, with 12 and 5 items, respectively. Both scales have high test-retest reliability and moderate-to-
strong internal consistency. CDS-12 scores were higher in daily smokers than in occasional smokers
and were associated with strength of urge to smoke on last attempt to stop smoking and saliva
cotinine levels. Both CDS-12 and CDS-5 scores decreased with reduction in cigarette smoking, but
neither scale predicted smoking abstinence at follow-up. In a subsequent study, higher CDS-12 scores
predicted smoking abstinence at 1 month after cessation. Higher baseline CDS-12 scores weakly
predicted higher withdrawal ratings at follow-up, with the exception of appetite. Performs better than
FTND on many of these measures.

Multidimensional, 68 items with 13 theory-based subscales: (1) affiliative attachment (to smoking);
(2) automaticity (smoking without awareness or intention); (3) behavioral choice/amelioration
(smoking despite constraints or alternative reinforcers); (4) cognitive enhancement; (5) craving;

(6) cue exposure/associative process (reflects basic learning process); (7) loss of control; (8) negative
reinforcement; (9) positive reinforcement; (10) social/environmental goads (potency of social stimuli
that model or invite smoking); (11) taste/sensory properties; (12) tolerance; and (13) weight control.
Identifies motivational dependence process that influences dependence criteria. Some subscales are
highly correlated, indicating overlapping dimensions. All scales except social/environmental goads
were weakly to strongly correlated with FTND and moderately to strongly correlated with the TDS.
Total WISDM score was moderately predictive of number of cigarettes/day and carbon monoxide level,
with variability of strength of prediction for subscales. Total WISDM score did not significantly predict
relapse, whereas combination of subscales was predictive (e.g., automaticity, behavioral choice/
amelioration, cognitive enhancement, and negative reinforcement).

Multidimensional, theoretically derived scale with 5 subscales: drive (craving and withdrawal,
withdrawal avoidance, and subjective compulsion to smoke), tolerance (reduced sensitivity to effects
of smoking), continuity (regularity of smoking rate), stereotypy (rigid patterns of tobacco use), and
priority (preference for smoking over other reinforcers). Continuous factor scores and single total
score can be obtained. Most of the reliability and validity testing were not conducted on the final 19
items that comprise this scale. Internal consistency of subscales is moderate to strong. Test-retest

is modest to strong. In persons who did not stop smoking, NDSS scores modestly correlated with
number of cigarettes smoked, difficulty in abstaining, and severity of past withdrawal symptoms. In
treatment-seeking population, scales are modestly predictive of urges during smoking and during
abstinence, acute withdrawal symptoms (except negative affect), and cessation outcome. Subscales
show independent predictive usefulness (e.g., differential correlation with indices of dependence).
NDSS strongly discriminates nonnicotine-dependent smokers who smoke a maximum of 5 cigarettes/
day (chippers) from regular smokers. Scales also discriminated levels of intake and dependence among
chippers. Relationship between NDSS remained even when controlled for FTQ score.

Note: Description and results on scales are illustrative and not comprehensive.
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Tobacco Constituents and Pharmacokinetics

Nicotine and OtherTobacco
Constituents

Tobacco products contain more than 4,000 chemi-
cals, some of which could contribute to dependence. How-
ever, there is little debate that nicotine is a major tobacco
component responsible for addiction (USDHHS 1988;
Stolerman and Jarvis 1995; Royal College of Physicians
of London 2000; Balfour 2004). Nicotine, 3-(1-methyl-
2-pyrrolidinyl)pyridine, is a volatile alkaloid (pKa = 8.5)
with a molecular weight of 162.23. The absorption and
renal excretion of nicotine are highly dependent on pH. At
a high (alkaline) pH, nicotine is in the nonionized state,
which is associated with the ability to more easily pass
through lipoprotein membranes (Stratton et al. 2001).
Nicotine can be rapidly absorbed in the lungs through
cigarette smoking because of the large surface area of the
alveoli and small airways and the dissolution of nicotine
in pulmonary fluid, which has a physiological pH that
facilitates absorption. Similarly, nicotine from oral prod-
ucts that have an alkaline pH can be readily but more
gradually absorbed through the oral mucosa. In addi-
tion, nicotine can be well absorbed in the small intestine,
because of its more alkaline pH and large surface area.
However, nicotine is poorly absorbed from the stomach,
because of its acidic environment resulting in greater ion-
ized nicotine. Unlike when it is swallowed, nicotine’s bio-
availability is greater through the lung or through the oral
mucosa because nicotine reaches systemic circulation
before passing through the liver (first-pass metabolism).

Earlier studies that examined a wide range of animal
species have shown that nicotine alone can lead to self-
administration in preference to an inert control substance
(Henningfield and Goldberg 1983; USDHHS 1988; Swed-
berg et al. 1990; Rose and Corrigall 1997; Royal College of
Physicians of London 2000). Humans have also demon-
strated a preference for nicotine over a control substance
in studies examining intravenous administration (Hen-
ningfield and Goldberg 1983; Harvey et al. 2004), nasal
administration (Perkins et al. 1996a), and use of medicinal
gum (Hughes et al. 1990a). Furthermore, if levels of nico-
tine in the body are altered, smokers tend to compensate
or titrate their dose by (1) smoking more if the levels of
nicotine are reduced or blocked by a nicotinic receptor
antagonist or (2) smoking less if exogenous nicotine or
higher levels of nicotine are administered (USDHHS 1988;
NCI 1996, 2001). Titration of the level of nicotine in the
body during smoking involves adjusting smoking behav-
iors by changing the (1) number of puffs on a cigarette,

(2) duration of the puffs, (3) interpuff intervals, and/or (4)
number of cigarettes smoked (Griffiths et al. 1982). For ex-
ample, researchers observed this compensatory smoking
behavior in smokers who had either switched from ciga-
rettes with a high machine-determined yield of nicotine
to cigarettes with a low yield (Scherer 1999; NCI 2001) or
reduced the number of cigarettes smoked (Fagerstrom
and Hughes 2002; Hecht et al. 2004). The resulting levels
of cotinine and other biochemical indicators of exposure
to tobacco were proportionately lower than expected, con-
sidering the reduction in the nicotine yield of the cigarette
or the number of cigarettes smoked.

Researchers have observed that ingredients besides
nicotine in tobacco or tobacco smoke (e.g., nornicotine
and acetaldehyde) have either synergistic effects with nic-
otine or reinforcing effects of their own. Several pharma-
cologically active metabolites of nicotine were observed in
the central nervous system (CNS) after acute administra-
tion of nicotine (Crooks and Dwoskin 1997). Nornicotine
is both a metabolite of nicotine and a minor tobacco alka-
loid. According to a review by Crooks and Dwoskin (1997),
S(-)-nornicotine evokes concentration-dependent and
calcium-ion (Ca®*)-dependent increases in endogenous
release of dopamine from rat striatal slices and from
mouse striatal synaptosomes. At low nornicotine concen-
trations, nicotinic receptor antagonists, such as mecamyl-
amine and [3H]-dihydro-B-erythroidine (DHRE), inhibit
dopamine release evoked by S(-)-nornicotine. At high
nornicotine doses, this inhibition is not observed, thereby
indicating that at high doses, nonselective mechanisms
may be associated with the release of dopamine. In addi-
tion, S(-)-nornicotine, R(+)-nornicotine, and nicotine
appear to activate the neural mechanisms responsible
for behavioral sensitization. For example, administra-
tion of S(-)-nornicotine desensitized nicotine receptors,
but at a potency 12-fold lower than that of nicotine.
S(-)-nornicotine also showed cross-desensitization with
nicotine; that is, receptors desensitized by nicotine were
also desensitized by S(-)-nornicotine. This result suggests
the involvement of common subtypes of nicotinic recep-
tors (Dwoskin et al. 2001).

Researchers have observed similar behavioral effects
from nicotine and nornicotine. In one study examining
acute or chronic (repeated) administration of S(-)-nico-
tine, R(+)-nornicotine, and S(-)-nornicotine on locomo-
tor activity, the effects of both nornicotine enantiomers
were qualitatively different from that of the S(-)-nico-
tine enantiomer after acute administration (Dwoskin
et al. 1999a). Unlike S(-)-nicotine, neither nornicotine
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enantiomer produced hyperactivity following acute injec-
tion with the doses used in the study. However, long-term
administration of a nornicotine enantiomer, specifically
S(-)-nornicotine, showed patterns of effects similar to
those of nicotine. Furthermore, long-term pretreatment
with either nornicotine enantiomer produced cross-
sensitization to the locomotor stimulant effects after a
nicotine challenge.

Studies in rats show that (-)-nornicotine substi-
tutes for (-)-nicotine in a drug-discrimination paradigm
(Goldberg et al. 1989) and partially substitutes for (+)-
amphetamine as a discriminative stimulus, although it
is less potent than (-)-nicotine (Bardo et al. 1997). In a
study of self-administration by rats (Bardo et al. 1999),
S(-)-nicotine and RS(+)-nornicotine produced a number
of responses on a lever to obtain these drugs that was
higher than the number on a lever to obtain an inactive or
saline infusion used as a control. Furthermore, response
decreased when saline was substituted for nornicotine,
confirming that the animals were responding for nor-
nicotine. Response increased when nornicotine was again
available. In another study, pretreatment with (+)-nor-
nicotine produced a dose-dependent decrease in nicotine
self-administration (Green et al. 2000).

These results indicate that nornicotine functions
as a positive reinforcer but has less potency than that of
nicotine. Researchers have speculated that this reduced
effect may be attributable to (1) the longer half-life of nor-
nicotine; (2) the use of RS(+)-nornicotine rather than the
pure S(-)-nornicotine, which is considered more potent in
evoking dopamine release in the brain; or (3) the reduced
potency of nornicotine in the release of dopamine (Bardo
et al. 1999). Because nornicotine is present only as a
minor metabolite, it is unclear whether it would have any
significant pharmacologic effect in smokers.

Less data are available on cotinine, which is a major
metabolite of nicotine (Benowitz and Jacob 1994). Studies
suggest that cotinine is available in the CNS and stimu-
lates nicotinic receptors to evoke the release of dopamine
in a calcium-dependent manner from superfused rat stria-
tal slices but that it is much less potent than nicotine or
S(-)-nornicotine (Dwoskin et al. 1999b). (In superfusion,
artificial central spinal fluid is poured over thin slices of
brain tissue to maintain function and enable in vitro stud-
ies.) Other studies indicated that cotinine has a low affinity
for nicotinic receptors (Abood et al. 1981, 1985) and may
be associated with increased serotonin (5HT) levels (De
Clercq and Truhaut 1963; Yamamoto and Domino 1965;
Essman 1973; Rosencrans and Chance 1977; Fuxe et al.
1979; Risner et al. 1985; Goldberg et al. 1989; Takada et al.
1989; Erenmemisoglu and Tekol 1994). Studies in animals
and humans have shown that cotinine is psychoactive and
behaviorally active (Hatsukami et al. 1997, 1998a), but
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most studies showed this effect only with high cotinine
doses. In human clinical studies, cotinine demonstrates
effects opposite those of nicotine, indicating that cotinine
may function as a nicotine antagonist (Keenan et al. 1994;
Hatsukami et al. 1998a,b).

Acetaldehyde, a constituent in tobacco smoke that
results from burning sugars and other materials in the
tobacco leaf, may play a role in increasing the reinforc-
ing effects of nicotine (DeNoble and Mele 1983). In a later
study, acetaldehyde enhanced the acquisition of nicotine
self-administration among adolescent rats but not among
adult rats (Belluzzi et al. 2005). The authors point out
that adolescence may be a time of particular sensitivity
to the effects of nicotine. This observation is supported by
the fact that even a limited exposure to nicotine during
adolescence may lead to symptoms of dependence (Kandel
and Chen 2000; DiFranza et al. 2002b). In animals, nico-
tine treatment during adolescence leads to neurochemical
changes in the brain that differ from those observed in
adults (Adriani et al. 2002; Slotkin 2002). Furthermore,
studies show an increased sensitivity to the rewarding
effects of nicotine in adolescent compared with adult
rodents (Adriani et al. 2002; Levin et al. 2003; Belluzzi et
al. 2004). Further research is needed to understand the
mechanism(s) by which acetaldehyde enhances the rein-
forcing effects and other effects of nicotine.

Fowler and colleagues (2003) point out that com-
pared with nonsmokers and former smokers, current
smokers had lower levels of MAOA, which preferentially
oxidizes norepinephrine and serotonin, and of MAOB,
which preferentially oxidizes phenethylamine. Both forms
of MAO also oxidize dopamine, tyramine, and octopamine.
Because former smokers showed normal MAO levels, the
low levels in smokers appear to result from the pharmaco-
logic effects of tobacco use, rather than from an inherent
characteristic of smokers. Low levels of MAO may contrib-
ute to the reinforcing effects of tobacco use, because of
the resulting higher levels of catecholamines. Nicotine
does not appear to be responsible for this effect. Rather,
the responsible constituents appear to be extracts (2,3,6-
dimethyl-benzoquinone and 2-naphthylamine) from flue-
cured tobacco leaves (Khalil et al. 2000; Hauptmann and
Shih 2001). Animal studies with rats and mice have also
shown that cigarette smoke and solutions of cigarette
smoke (Yu and Boulton 1987; Carr and Basham 1991), as
well as cigarette tobacco extract (Yu and Boulton 1987),
inhibit MAO activity in the brain. The MAO inhibition in
smokers is partial, with reductions at about 30 and 40
percent for MAOA and MAOB, respectively (Fowler et al.
2003). The reduction in MAOB levels does not appear to be
rapidly reversible, as demonstrated by a study that showed
no difference in MAOB levels when smokers were scanned
by positron emission tomography (PET) at 10 minutes or
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11 hours after smoking a cigarette (Fowler et al. 2000).
One study found that the intensity of the withdrawal
symptoms was inversely related to platelet MAO activ-
ity (Rose et al. 2001a); that is, smokers with low platelet
activity at baseline experienced the most severe with-
drawal symptoms.

In summary, nicotine is the most potent constitu-
ent associated with the reinforcing effects of tobacco.
However, researchers have identified other constituents
in tobacco and tobacco smoke that may be reinforc-
ing or facilitate reinforcing effects of tobacco. Nicotine
metabolites have also been identified as potential rein-
forcers or enhancers of the reinforcing effects of nicotine.
Researchers have observed that in addition to nicotine and
other constituents of tobacco and tobacco smoke, sensory
aspects of nicotine and environmental stimuli also have a
significant role in maintaining smoking behavior (Rose et
al. 1993; Shahan et al. 1999; Caggiula et al. 2001, 2002b;
Perkins et al. 2001d) (for details, see “Learning and Condi-
tioning” later in this chapter).

Pharmacokinetics

Nicotine addiction depends on the amount of nico-
tine delivered and the way in which it is delivered, which
can either enhance or reduce its potential for abuse: the
faster the delivery, rate of absorption, and attainment of
high concentrations of nicotine, the greater is the poten-
tial for addiction (Henningfield and Keenan 1993; deWit
and Zacny 1995; Stitzer and de Wit 1998).

Nicotine can be readily absorbed in the lung, oral
mucosa, and nose, and through the skin. Table 4.4 shows
(1) the bioavailability and amount of nicotine absorbed

per unit dose of products containing nicotine and (2) the
time to reach maximum blood concentrations of nicotine
(Tax)- Figure 4.1 shows the concentrations of nicotine
in venous blood and the peak concentrations across the
products containing nicotine. The mean peak concentra-
tions of nicotine are higher with use of tobacco products
than with use of nicotine replacement products, and ciga-
rette smoking produced both the highest peak concentra-
tion and most rapid rate of nicotine absorption. Venous
concentrations of nicotine from smoking are lower than
arterial concentrations. Ratios of arterial concentrations
to venous concentrations ranged from 2.3 to 10 across
studies (Henningfield et al. 1993; Gourlay and Benowitz
1997; Rose et al. 1999). What accounts for the variabil-
ity in arterial to venous nicotine concentration ratios
observed across studies is unclear but may be a function
of the study procedures and cigarette brands that were
tested. In one study, lower-than-expected arterial nicotine
concentrations were observed. The low concentration was
attributed to the distribution of nicotine into the lungs
and the slow release of nicotine into arterial circulation
(Rose et al. 1999). The greater reinforcing efficacy of
rapid delivery of nicotine was therefore thought to be due
to both direct effects on the CNS and to stimulation of
nicotinic receptors in the lung. These results would also
suggest that neuronal nicotinic receptors associated with
reinforcing effects of nicotine may be sensitive to low con-
centrations of nicotine. Clearly, more studies are needed
to resolve the issues related to arterial concentrations of
nicotine and consequent physiological effects.

Oral use of smokeless tobacco products results in
high venous concentrations of nicotine equal to those for
use of cigarettes. Although the T for delivery of nico-
tine in nasal spray appears to be less (faster) than that for

Table 4.4 Bioavailability and amount of nicotine absorbed per unit dose and time to maximum venous blood
concentration of nicotine by product
Product Bioavailability per dose Time to maximum concentration
Cigarette 1-2 mg Within 5 minutes
Nicotine gum (2 mg, 4 mg) 1 mg, 2 mg 30 minutes
Nicotine inhaler 2 mg/cartridge 20-30 minutes
Nicotine nasal spray 0.5 mg 10 minutes
Nicotine patch 15-22 mg (during 16-24 hours) 4-9 hours

Smokeless tobacco 3.6-4.5 mg

20-30 minutes

Source: Data are from Benowitz 1988; Fant et al. 1999a; Fagerstrom 2000; Medical Economics Company 2000. Table is adapted from
Stratton et al. 2001 with permission from the National Academies Press, © 2001, National Academy of Sciences.

Note: mg = milligrams.
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Figure 4.1

Venous blood concentrations of nicotine over time for various nicotine delivery systems

Source: Adapted from Fant et al. 1999b with permission from Elsevier, © 1999.
Note: mg = milligrams; ng/mL = nanograms per milliliter; data table for above data found at

end of chapter.

smokeless tobacco products, the addiction potential may
be higher for smokeless tobacco than for nicotine nasal
spray, because the rate of nicotine absorption for smoke-
less tobacco is faster. Within 10 minutes after adminis-
tration of a smokeless tobacco product, a nicotine boost
of 10 nanograms per milliliter can be achieved (Holm et
al. 1992) compared with two to three times longer after
administration of nasal spray. However, the rise of arterial
concentrations from nicotine nasal spray compared with
smokeless tobacco is unknown. A further complication
is that the rate and amount of nicotine absorption vary
across smokeless tobacco products (Figure 4.2). This vari-
ability results from the processing and pH of the smoke-
less tobacco product. Cigarettes also vary in nicotine
content. The tobacco plant, the curing process, and the
additives can determine the pH of the tobacco and tobacco
smoke (see Chapter 3, “Chemistry and Toxicology of Ciga-
rette Smoke and Biomarkers of Exposure and Harm”).
Nonetheless, although the pharmacokinetics of
some smokeless tobacco products may overlap with those
of medicinal nicotine products, medicinal products tend
to have a slower rate and a lower amount of nicotine

114 Chapter 4

absorption than do the most popular brands of conven-
tional smokeless tobacco products (Kotlyar et al. 2007).
Among the medicinal nicotine products, nicotine nasal
spray has the fastest rate of nicotine absorption, followed
by nicotine gum, the nicotine lozenge, and the nico-
tine patch.

Together, these results demonstrate that the nico-
tine pharmacokinetics associated with cigarette smoking
is likely to lead to high potential for addiction, whereas
medicinal nicotine products have relatively minimal
potential for addiction. For example, the extent of liking,
and therefore the addiction potential for these products,
are related to the speed of nicotine delivery (Henningfield
and Keenan 1993). Nicotine delivered through cigarette
smoking and intravenously shows the greatest dose-re-
lated liking for the drug, and nicotine delivered transder-
mally is associated with the least liking (Henningfield and
Keenan 1993; Stratton et al. 2001).

The pharmacokinetic profile of a drug can determine
the user’s pattern of drug delivery. Cigarette smoking
results in rapidly rising arterial concentrations of nicotine
that reach the brain in about 10 to 19 seconds (Benowitz
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1990). The peak levels decline quickly as nicotine is taken
up by peripheral tissues, followed by an elimination of
nicotine from the body (Benowitz et al. 1988). This profile
enables the smoker to finely control the nicotine dose to
obtain the desired effect and enables frequent doses. These
characteristics facilitate the addiction potential of ciga-
rettes (Benowitz 1999). In contrast, oral nicotine products
such as smokeless tobacco result in a more gradual rate
of nicotine absorption and the nicotine levels are more
sustained, resulting in a reduced ability of the smoker to
manipulate the nicotine dose and less frequent dosing.
The nicotine patch is the extreme example of slow absorp-
tion and once-a-day dosing, which results in a minimal
potential for addiction.

Nicotine metabolism may also play a role in the rein-
forcing effects of nicotine. Researchers have hypothesized
that the rate of nicotine metabolism should be related to
smoking behaviors and that faster elimination of nico-
tine is associated with increased smoking and nicotine
dependence (Benowitz 1999). Although surprisingly few
published studies have tested this hypothesis, the research
evidence has given some support to it (see “Genetics” later
in this chapter). However, the evidence is modest. The rate
of nicotine metabolism accounts for less than 16 percent
of variation in the number of cigarettes smoked per day
(Benowitz et al. 2003; Johnstone et al. 2006), and there is
no significant variance in the FTND (Benowitz et al. 2003;
Johnstone et al. 2006; Kandel et al. 2007) or in scoring

Figure 4.2
or mint snuff

on the Horn-Russell Scale (Johnstone et al. 2006). Kan-
del and colleagues (2007) found no significant association
between the rate of metabolism and the number of ciga-
rettes per day or nicotine dependence as measured by
the FTND in a sample of young (18 through 26 years of
age), less dependent, light smokers (average of 12 ciga-
rettes per day). Possible reasons for the apparent discon-
nect between rate of metabolism and nicotine dependence
include the following: (1) The questionnaire measures of
adult nicotine dependence used may not be the most sen-
sitive measures of the rate of metabolism (Benowitz et al.
2003; Johnstone et al. 2006). (2) The rate of metabolism
may be related to nicotine dependence only during the
transition from experimentation to “addicted” smoking
(Benowitz et al. 2003). (3) The rate of metabolism is not
an important determinant of smoking behavior in young
smokers because of a low level of smoking (Kandel et
al. 2007).

One of the reasons metabolism per se may not be
directly related to measures of nicotine dependence is
that the pharmacokinetics of nicotine metabolism are one
step removed from the pharmacodynamics of nicotine,
that is, from the impact (1) on neurotransmitters in the
reward pathway, (2) on central effects, as measured by
electroencephalography and cerebral blood flow, and (3)
on peripheral effects such as cardiovascular responses.
Both central and peripheral effects contribute to subjec-
tive reactions to nicotine and the subsequent likelihood

Mean plasma nicotine concentrations after administration of each of four smokeless tobacco products

Source: Adapted from Fant et al. 1999a with permission from BMJ Publishing Group Ltd., © 1999.
Note: ng/mL = nanograms per milliliter; data table for above data found at end of chapter.
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of continued smoking. (For discussion of the pharmaco-
dynamics of nicotine in the brain, see “Pathophysiology of
Nicotine Addiction” later in this chapter.)

The factors contributing to the high addiction
potential of tobacco products are undoubtedly multiple
and have complex interrelationships, making it a chal-
lenge to parse their relative contributions. In addition,
smoking results in rapid delivery of nicotine by cigarette
smoke and in exposure to chemicals other than nicotine
that have central and sensory effects, including taste and
draw resistance, as well as stimuli associated with smok-
ing (Scherer 1999; Caggiula et al. 2002a; Rose 2006).

Relatively few studies have been conducted outside the
tobacco industry to determine how features of the ciga-
rette are engineered to increase its addictive potential.
However, tobacco industry documents suggest that more
than nicotine dosing and pharmacokinetics are important
in determining the overall addiction potential of modern
cigarettes (Slade et al. 1995; Hurt and Robertson 1998;
Wayne et al. 2004). (For description of design features that
can enhance nicotine delivery and absorption rate, see
Chapter 3, “Chemistry and Toxicology of Cigarette Smoke
and Biomarkers of Exposure and Harm.”)

Components of Nicotine Addiction

What are the effects of nicotine, and how does
it cause addiction? The factors that may contribute to
addictive behaviors include (1) neuroadaptations that
occur with the persistent use of nicotine (e.g., tolerance),
(2) withdrawal symptoms experienced when intake of
the drug is stopped, and (3) the effects of nicotine that
reinforce dependence. The primary reinforcing effects
can entail the rewarding (psychoactive or psychostimu-
lant) effects of nicotine (positive reinforcement) and/or
the alleviation of aversive or negative states or stimuli—
for example, relief from withdrawal symptoms (negative
reinforcement). Nicotine may also enhance the reinforc-
ing values of other reinforcers or stimuli, which may also
contribute to its reinforcing effects.

Strong learning processes also contribute to addic-
tive behaviors. These learning processes include condi-
tioning in which stimuli associated with drug use evoke
responses that are similar to the effects from the drug or
similar to withdrawal symptoms or that may modulate
drug effects. One hypothesis is that incentive sensitiza-
tion can occur, in which some of the conditioned stimuli
(CSs) are given priority in the allocation of attention and
become a strong source of motivation to seek the drug
(Robinson and Berridge 2001). Incentive sensitization
consists of neuroadaptations from repeated use of a drug
that render brain-reward systems hypersensitive (sensi-
tized) to drug-associated stimuli. Also, nicotine’s ability
to be a secondary reinforcer of CSs to other reinforcers
strengthens its addictive effects. Nicotine tolerance, with-
drawal, and reinforcement in humans are examined in the
next section, which is followed by a section on learning
and conditioning in nicotine addiction.
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Physiological Mechanisms and
Indicators: Nicotine Tolerance,
Withdrawal, and Reinforcement

Chronic Tolerance

Tolerance is a reduced responsiveness to a drug as a
function of earlier exposure to that drug. This reduction
in responsiveness is a consequence of drug use (Kalant et
al. 1971). Therefore, tolerance should be distinguished
from innate differences in drug responses that may
relate to an initial risk of dependence, such as responses
attributable to genetic or other constitutional factors (see
“Genetics” later in this chapter). Sensitization, the oppo-
site of tolerance, is an enhanced responsiveness to nico-
tine as a function of earlier exposure to the drug (Kalant
et al. 1971). Sensitization is not addressed here, because
it has not been clearly demonstrated in clinical studies.
However, animal research suggests that sensitization
occurs in response to locomotor activity and other physi-
cal and behavioral effects of exposure to nicotine (Le Foll
et al. 2003; Samaha et al. 2005).

Tolerance and sensitization can be characterized on
the basis of the time course of the adaptation involved.
Acute tolerance develops within minutes after the initial
exposure of the day (e.g., first few cigarettes) and is gener-
ally lost with overnight abstinence from smoking (Perkins
et al. 1995). Acute tolerance may help to explain patterns
of smoking during the course of a day (Balfour et al. 2000),
but researchers think it is less important than chronic
tolerance for an understanding of dependence (Di Chiara
2000). Chronic tolerance develops over weeks, months,
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or years (Kalant et al. 1971). Tolerance can also be dis-
tinguished on the basis of mechanisms. Pharmacokinetic
tolerance is a reduced response to a drug because of an
increase in drug clearance or metabolism that results in a
smaller concentration of the drug in the body for a given
administered dose. This type of tolerance is not discussed
here, because clinical studies showed no evidence of a
pharmacokinetic tolerance to nicotine in humans (Beno-
witz and Jacob 1993). However, innate differences in nico-
tine metabolism are well known (see “Genetics” later in
this chapter). Pharmacodynamic tolerance is a reduced
response to a given concentration of a drug in the body
that results from changes in tissue sensitivity. The follow-
ing discussion focuses on the association between chronic
pharmacodynamic tolerance to nicotine and dependence
on nicotine.

Chronic Tolerance to Nicotine

Chronic tolerance to nicotine or to most drugs is dif-
ficult to examine in clinical studies for practical and ethical
reasons. The time required for the onset of chronic toler-
ance generally precludes longitudinal studies of changes
in tolerance. Thus, the study of chronic tolerance usu-
ally requires cross-sectional comparisons between groups
that differ in past histories of smoking, which can require
administering nicotine to nonsmokers. Such comparisons
may also introduce potential bias due to self-selection of
drug history and because smoking history may covary with
many other important differences that affect responses to
nicotine, such as history of other drug use and psychiatric
history (Hughes et al. 2000; Richter et al. 2002).

Despite methodologic limitations, studies have
clearly shown a chronic tolerance for many self-reported
responses to nicotine, such as a subjective mood. For
example, smokers show fewer responses than do non-
smokers to the same amount of nicotine, as evidenced by
measures of subjective stimulation that may be viewed as
pleasurable, such as arousal, vigor, and a subjective expe-
rience often referred to as “head rush” or “buzz,” as well as
some experiences that may be viewed as aversive, includ-
ing tension and nausea (Perkins et al. 2001b). However,
chronic tolerance is less apparent for many other effects
of nicotine, including cardiovascular responses (Perkins
et al. 2001b). Chronic tolerance is virtually absent for
simple psychomotor effects such as finger-tapping speed
and Stroop task performance (Perkins et al. 2001b). This
research is reviewed in detail elsewhere (Perkins 2002).

Association of Nicotine Tolerance with
Dependence in Adults

Chronic tolerance to some effects of nicotine devel-
ops after long-term smoking. However, tolerance appears

to be a nonsensitive marker for dependence among those
with any history of extensive smoking (Perkins 2002). Per-
kins hypothesized that if a close association exists between
tolerance and the level of dependence, then (1) more
dependent smokers would show tolerance greater than
that of less dependent smokers, (2) tolerance to nico-
tine before smoking cessation would predict the success
of a subsequent attempt to stop smoking, and (3) toler-
ance would decrease with a longer duration of abstinence
after cessation, indicating loss of dependence. However,
the limited evidence suggests no such links between toler-
ance and dependence (Perkins 2002).

First, some research (Shiffman et al. 1992; Perkins
et al. 2001b) shows little or no difference in tolerance to
most effects of nicotine between dependent smokers and
a subset of smokers who do not meet dependence crite-
ria—for example, smokers of up to five cigarettes per day
who do not experience withdrawal symptoms and who
often go for long periods without smoking (Shiffman et
al. 1992). Second, the magnitude of tolerance to nico-
tine before smoking cessation does not predict the sever-
ity of withdrawal or the duration of abstinence after an
attempt to stop smoking, although a measure of nicotine
reinforcement predicts both (Perkins et al. 2002a). Third,
longitudinal studies show no change in chronic tolerance
within one week or one month of smoking cessation and
no difference in tolerance between former smokers who
stopped smoking for 1 to 4 years or 6 to 19 years (Perkins
et al. 2001c).

The conclusion that tolerance among smokers is not
a good index of dependence warrants additional research
(Perkins 2002). Most of these studies compared responses
at low doses of nicotine to avoid aversive effects in groups
with histories of limited smoking. Even so, tolerance to
higher doses of nicotine may be associated with indices
of dependence. Moreover, the acute effects of nicotine
that explain its reinforcing quality are still not under-
stood fully, so chronic tolerance to responses that were
not assessed in this earlier research may be tied closely to
dependence. In addition, chronic tolerance may be more
critical during the onset of dependence in the adolescent
years than it is in adults (Kandel and Chen 2000), because
tolerance to the aversive effects of nicotine must occur for
adolescents to escalate from one to two cigarettes per day
to one pack per day (see “Epidemiology of Tobacco Use
and Nicotine Dependence in Adults” later in this chapter).
However, chronic tolerance may no longer be important
after the onset of dependence.

Withdrawal

In tobacco-dependent smokers, a reliable conse-
quence of abstaining from smoking for more than a few
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hours is the onset of distress indicated by self-reported
behavioral, cognitive, and physiological symptoms and by
clinical signs (APA 2000; Shiffman et al. 2004b; Hughes
2007). The subjective symptoms of withdrawal are mani-
fested by affective disturbance, including irritability and
anger, anxiety, and a depressed mood. The behavioral
symptoms include restlessness, sleep disturbance, and an
increased appetite, typically assessed by self-reports. Cog-
nitive disturbances usually center on difficulty concen-
trating (Shiffman et al. 2004b; Hughes 2007). Researchers
believe these symptoms—known collectively as with-
drawal—are major factors that impair the ability to remain
abstinent from smoking (Patten and Martin 1996; see
“Trajectory of Recovery or Relapse” later in this chapter).
The management of withdrawal and craving symptoms
(e.g., the urge to smoke) is a primary treatment strategy to
maintain smoking cessation. Withdrawal symptoms typi-
cally emerge within a few hours after the last cigarette is
smoked, peak within a few days to one week, and return to
precessation baseline levels after two to four weeks (Shiff-
man et al. 2004b). However, individual variability in the
time course of withdrawal may be substantial and clini-
cally significant (see “Trajectory of Recovery or Relapse”
later in this chapter).

Individual withdrawal symptoms are often viewed as
different manifestations of the same underlying process.
One approach suggests that symptoms should be tightly
linked in terms of pattern, intensity, time course, rela-
tionship to relapse, and neurobiologic factors. Another-
approach suggests that symptoms should be assessed
individually instead of by aggregating symptom scores
into one total score (Shiffman et al. 2004b) (see “Patho-
physiology of Nicotine Addiction” and “Trajectory of
Recovery or Relapse” later in this chapter).

Unlike nicotine tolerance, the severity of withdrawal
is more strongly related to some of the indices of nicotine
dependence (such as cessation). For example, although
nicotine-dependent and nonnicotine-dependent smokers
generally do not differ in tolerance to nicotine, nicotine-
dependent smokers are more likely to experience more
severe withdrawal during initial abstinence (Shiffman
1989b). The observation that withdrawal but not toler-
ance is associated with dependence has also been noted
for other drugs of abuse, especially alcohol (Schuckit et al.
1999; Hasin et al. 2000; O’Neill and Sher 2000).

Individual Differences in Withdrawal

Individual differences in the severity and pattern of
withdrawal are topics of major clinical interest (see “Tra-
jectory of Recovery or Relapse” later in this chapter). A
history of major depression may exacerbate withdrawal
after smoking cessation (Pomerleau et al. 2004) and may
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increase the risk of relapse in women but perhaps not in
men (Hall et al. 1998). The role of a major depressive dis-
order in relapse has been inconsistent and may be related
to how depression is defined (see “Trajectory of Recovery
or Relapse” later in this chapter), and few other character-
istics have been associated with differences in withdrawal
for men and women. For example, even though women
generally have more difficulty than do men in maintain-
ing abstinence from smoking, the severity of withdrawal
in men and women does not appear to differ (Benowitz
and Hatsukami 1998). However, withdrawal severity may
be moderated by the phase of the menstrual cycle in
women, with more severe withdrawal and depressed mood
among women who stop smoking during the luteal phase
than among those who stop during the follicular phase
(Allen et al. 1996; Perkins et al. 2000). Other than studies
of the effects of medication to relieve withdrawal symp-
toms, few researchers have examined other factors that
acutely modify withdrawal.

Reinforcement

In behavioral psychology, a stimulus is considered
reinforcing if it increases a response or behavior resulting
in obtaining that stimulus. Thus, a drug is reinforcing if it
is self-administered more than an inert substance used for
comparison (e.g., placebo). “Reward,” on the other hand,
is a less specific term defined as an index of subjective
hedonic effects of substance use (Everitt and Robbins
2005), and it is typically assessed after drug intake by
ratings such as “liking” and “good effects.” Ratings of
drug reward may help to explain reinforcement, but they
should be kept distinct from measures of reinforcement,
which are inherently behavioral.

After a drug is established to be reinforcing,
research can then focus on the neurobiologic or behavioral
underpinnings of the reinforcing effects. (For discussion
of research on the neurobiology of nicotine reinforce-
ment, see “Pathophysiology of Nicotine Addiction” later in
this chapter.) Behavioral or subjective effects of nicotine
that may be reinforcing have not been definitively iden-
tified. Methodologic issues complicate the study of what
makes nicotine either positively or negatively reinforc-
ing. Pleasurable effects indicate positive reinforcement,
whereas reductions in negative effects, such as relief
from withdrawal, indicate negative reinforcement. These
distinctions are important because exploration of posi-
tively reinforcing effects may be critical to understanding
why adolescents begin to smoke cigarettes (i.e., onset of
addiction) and why persons relapse after an attempt to
stop smoking. Negatively reinforcing effects may be spe-
cific to relief from acute withdrawal and thus relevant
only to relapse and not to the initiation of smoking or the
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onset of addiction. Some research in nonsmokers links
acute self-administration of nicotine with pleasurable
subjective responses of increased vigor and arousal, sug-
gesting that positive reinforcement occurs with initial
experience with nicotine (Perkins et al. 2001a). Similar
research should focus on whether initial nicotine rein-
forcement is linked to relief from preexisting aversive
symptoms, such as depressive symptoms.

Other effects of nicotine may also reinforce its use,
but their links with self-administration have not been
clearly established. These effects include modulating
negative affect (e.g., reducing fatigue, anxiety, or sadness)
(Kassel et al. 2003), enhancing attention and concentra-
tion during cognitively demanding tasks (Heishman et al.
1994), and perhaps preventing hunger and maintaining a
lower body weight (Perkins 1993). Evidence suggests that
these effects are observed largely in abstinent smokers ex-
periencing withdrawal and are thus examples of negative
rather than positive reinforcement.

Finally, animal research indicates that nicotine may
have a secondary reinforcing function, aside from the
direct (primary) reinforcing effects noted here. These
studies, conducted mostly by Caggiula, Donny, and col-
leagues (e.g., Chaudhri et al. 2006), show that nicotine
can enhance the reinforcing value of other reinforcers
not associated with nicotine intake. Primary reinforcing
effects require rapid administration of nicotine and are
contingent on a response, whereas other reinforcement-
enhancing effects can occur regardless of the speed of nic-
otine delivery or the contingency of response. Although
recent work suggests the occurrence of reinforcement-
enhancing effects of nicotine (Barr et al. 2008), the clini-
cal research is insufficient to warrant extensive discus-
sion of how this influence promotes nicotine dependence.
However, this influence may help to explain why smok-
ing appears to acutely increase consumption of other
reinforcers, such as alcohol (Mitchell et al. 1995), and
it may facilitate understanding of the difficulties involved
in smoking cessation. If nicotine has reinforcement-
enhancing effects, then smoking cessation removes these
effects, leading to a lessening of reinforcement from many
other reinforcers and not just the loss of reinforcement
from smoking.

Smoking Frequency and Tobacco Addiction

The most common index of reinforcement in
research on tobacco or nicotine addiction is the number
of cigarettes smoked per day (smoking frequency). That
is, drugs that are highly reinforcing will tend to be self-
administered to a greater extent. Typically, the number of
cigarettes smoked per day is assessed by self-report. Bio-
chemical measures of the amount of smoking exposure

include blood, salivary, and urinary levels of cotinine, the
main metabolite of nicotine. Smoking frequency is related
to a variety of dependence measures including scores on
scales of nicotine dependence such as the widely used
FTND (Hughes et al. 2004a). Higher frequency of smok-
ing was found to predict a more severe withdrawal and a
faster relapse after an attempt to stop smoking (Ockene
et al. 2000), which are both important clinical indices of
addiction. Higher frequency of smoking is also associated
with early lapses after smoking cessation, such as smoking
on the first day of cessation or within the first two weeks,
which are each strongly associated with an increased risk
of relapse (Kenford et al. 1994). Other indices of smoking
reinforcement or persistence are related to a high level
of addiction. These indices include a longer duration of
smoking, young age at smoking initiation, no previous
attempt to stop smoking, and a shorter duration of absti-
nence during previous attempts to stop smoking (Ockene
et al. 2000) (see “Trajectory of Recovery or Relapse” later
in this chapter).

Acute Measures of Reinforcement

Reinforcement is often assessed in basic research
studies by analyzing regular, or extent of, smoking behav-
ior over a period of time. This is usually determined by
the number of cigarettes smoked per day but occasionally
by microtopographic measures of puffing behaviors, blood
nicotine levels, or the percentage of carbon monoxide in
expired air (Lee et al. 2003), a biochemical index of acute
smoking exposure. Smoking behavior in such short-term
studies has been sensitive to a variety of manipulations of
nicotine exposure, demonstrating the reinforcing effects
of nicotine. For example, the intensity of acute smoking
behavior increases when the nicotine yield of the cigarette
is lowered, which is a compensation to maintain nicotine
intake (Zacny and Stitzer 1988). The increase in plasma
concentrations of nicotine from smoking is greater after
pretreatment with mecamylamine, a nicotine recep-
tor antagonist. The increase is probably a result of more
intense puffing in an attempt to overcome the blockade of
nicotine receptors (Rose et al. 2001b). Factors have been
observed to moderate the reinforcing effects of tobacco.
Some studies have shown increased smoking reinforce-
ment after pretreatment with alcohol (Nil et al. 1984;
Mitchell et al. 1995) or with stimulant drugs such as
d-amphetamine (Tidey et al. 2000), methylphenidate
(Rush et al. 2005), or cocaine (Roll et al. 1997), but not
with other stimulants such as caffeine (Nil et al. 1984;
Lane and Rose 1995). The increase in smoking reinforce-
ment from acute pretreatment with drugs may help to
explain the association between a history of drug use and
nicotine dependence (Richter et al. 2002).
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Several other procedures provide sensitive and
acute measures of smoking or nicotine reinforcement.
These procedures include performance on a task (operant
responding) on various schedules of reinforcement for
puffs on a cigarette and the choice of nicotine or nonnico-
tine cigarettes. Instances of working for puffs on a ciga-
rette and choosing nicotine over nonnicotine cigarettes
increase with smoking abstinence (Perkins et al. 1994,
1996b). The operant response to obtain puffs on a ciga-
rette increases when the required number of responses per
reinforcer is changed and access to alternative reinforcers
is reduced, showing regulation of smoking intake (John-
son and Bickel 2003). A slightly different procedure—
responding for puffs on a progressive-ratio schedule by
gradually increasing the response requirements after
each earned puff—may also provide a sensitive measure
of the reinforcing value of smoking (Perkins et al. 2002b).
However, few findings have related this measure to nico-
tine dependence.

Separation of Nicotine Reinforcement from
Smoking Reinforcement

Nicotine dependence generally involves the intake
of nicotine by tobacco use, especially cigarette smoking.
Therefore, the contribution of the many nonnicotine
aspects of tobacco associated with smoking cigarettes
should be distinguished from the influence of nicotine
per se. The self-administration of cigarette smoke is not
the same as the self-administration of nicotine. Among
many differences between nicotine delivery through
smoking and delivery in other forms, the smoke stimuli
that typically accompany nicotine from cigarette smoking
may acquire conditioned reinforcing effects that maintain
smoking behavior (Caggiula et al. 2001) (see “Learning
and Conditioning” in the next section).

Nevertheless, some of the manipulations that alter
smoking behavior also alter the self-administration of
novel nicotine formulations. Nicotine alone, isolated from
tobacco smoke, is reinforcing in humans (Perkins et al.
1996a; Harvey et al. 2004). The choice of nicotine nasal
spray instead of a placebo nasal spray increases with smok-
ing abstinence (Perkins et al. 1996b) and subsequently
predicts a more severe withdrawal and a faster relapse
during an attempt to stop smoking without medication
(Perkins et al. 2002a). Blocking the effects of nicotine with
mecamylamine pretreatment increases the intravenous
self-administration of nicotine (Rose et al. 2003a). Also,
under the same conditions of assessment, the amount
of nicotine spray used voluntarily is correlated with the
amount of voluntary smoking (Perkins et al. 1997). This
finding indicates a generalizability between nicotine rein-
forcement through smoking and reinforcement through
at least one novel form of nicotine delivery.
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Individual Differences in Nicotine
Reinforcement

Individual differences in nicotine reinforcement
may provide direction for the study of individual differ-
ences in nicotine addiction and in approaches to treat-
ing addiction. In some studies, the reinforcing effects
of nicotine tend to be less in women than in men, but
the reinforcing effects of nonnicotine stimuli related to
tobacco smoke (e.g., “cues”) tend to be greater in women
than in men (Perkins et al. 2001d, 2002b). In light of the
generally greater difficulty most women have with smok-
ing cessation, this observation suggests that the influence
of nonnicotine stimuli can be important to the persistence
of smoking behavior (i.e., dependence) (Caggiula et al.
2001; Rose 2006). Other characteristics that may be asso-
ciated with greater reinforcement from smoking or from
nicotine include comorbid psychiatric disorders (Lasser
et al. 2000), a history of alcohol dependence (Keenan
et al. 1990; Hughes et al. 2000), and perhaps other drug
dependence (Richter et al. 2002), as well as other subgroups
associated with a high prevalence of smoking and low rates
of cessation. Similarly, smokers who are not obese may
find the nicotine in cigarettes more reinforcing than do
obese smokers (Blendy et al. 2005).

Learning and Conditioning

Nicotine and Secondary Reinforcement

Perhaps as powerful as the direct effects of smok-
ing and nicotine on neural functioning are the associative
processes that develop with repeated tobacco use (Cag-
giula et al. 2002a; Hyman 2005). The classic conditioning
paradigm provides an important conceptual and theo-
retical framework for consideration of the powerful asso-
ciative learning processes that, according to Bevins and
Palmatier (2004), develop in a specific manner. Smoking
serves as the unconditioned stimulus (US), and the sub-
jective and physiological effects of smoking and exposure
to nicotine serve as unconditioned responses. Exterocep-
tive (environmental) and interoceptive (internal) stimuli
that occur repeatedly in temporal proximity to smoking
become CSs. CSs include smoking paraphernalia (e.g., an
ashtray), sensory aspects of smoking (e.g., cigarette smell
or taste), and/or situational cues (e.g., smoking in the car
while driving to work). The acquired response evoked by
CSs becomes a conditioned response. With longer-term
smoking, conditioned responses include urges to smoke.
Repeated pairings of these CSs with cigarette smoking
result in the CSs alone (before smoking) triggering urges
to smoke (to want and to seek a cigarette) (Niaura 2000;
Berridge and Robinson 2003).
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Nicotine as a Conditioned Stimulus

Bevins and Palmatier (2004) have extended the asso-
ciative learning model of nicotine dependence by hypoth-
esizing that nicotine also has important actions as a CS of
smoking behavior (the conditioned response) (Figure 4.3).
The traditional role of nicotine has been limited to serving
as a US. As a CS, nicotine acquires new or additional affec-
tive properties through being paired repeatedly with other
stimuli such as coffee. In other words, nicotine enhances
the salience of these and numerous other stimuli, which
strengthens the associative bond and increases smok-
ing behavior.

Nicotine as a Modifier of Associative
Processes

In addition to serving as a CS, nicotine modifies
associative processes in conditioned and unconditioned
manners (Bevins and Palmatier 2004). As a conditioned
modulator (Figure 4.3), the interoceptive cuing of
nicotine serves as a contextual stimulus that “sets the
occasion” for an association between a discrete CS in the
environment and smoking (Bevins and Palmatier 2004).
The CS-US association is conditioned on the drug state
(context). Examples include smoking while drinking alco-
hol to relax and smoking during a break at work to cope
with distress. As an unconditioned modulator, nicotine

Figure 4.3

may enhance the salience of other stimuli that have incen-
tive values to the person (Bevins and Palmatier 2004). For
example, as depicted in connector “a” (solid line) of Fig-
ure 4.3, nicotine enhances the incentive or reward value of
alcohol, which has its own significant reward value. This
“incentive amplification” is unconditioned because the
effects of nicotine do not depend on a contingent asso-
ciation between smoking and the motivational stimulus.
“Incentive amplification” by nicotine is not limited to
other drug reinforcers. Nicotine also enhances the rein-
forcing effects of nondrug reinforcers, such as light stimu-
lus (Palmatier et al. 2007).

Positive Reinforcement and Learning

The positive reinforcing action of nicotine is attrib-
utable in large part to its influence on the brain regions
associated with reward processes (e.g., the mesolimbic
dopaminergic system) (Balfour 2004). In a review of posi-
tive-reinforcement theory as applied to nicotine addiction,
Glautier (2004) suggests several mechanisms underly-
ing positive-reinforcement processes. Besides exerting a
direct reinforcing action through its effects on core brain-
reward centers, nicotine may enhance the reinforcing
efficacy of smoking-related cues as a result of priming the
smoker to selectively attend to those stimuli. In addition,
nicotine acquires indirect reinforcing actions through its

Associative learning processes in nicotine addiction

Source: Adapted from Bevins and Palmatier 2004 with permission from Sage Publications Inc. Journals, © 2004.

Note: Connections 1, 2, and 3 reflect the role of the unconditioned stimuli (USs), conditioned stimuli (CSs), and occasion setter,
respectively. Solid lines “a” and “b” refer to nicotine’s ability to amplify incentive salience. Dashed lines (“a*” through “d*”) denote
potentially interesting feedback functions in which conditioned associations may be strengthened.
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effect on other behaviors. According to Hogarth and Duka
(2006), considerable evidence suggests that nicotine-
conditioned effects are mediated by a smoker’s expecta-
tions of the effects of nicotine coupled with an appetitive
emotional response that reflects the positive value of nico-
tine to the smoker (e.g., pleasure or relaxation).

Although clearly influential, positive reinforcement
is not a likely primary motivational influence on persis-
tence in smoking (Baker et al. 2004), except possibly in
the case of occasional smoking (Shiffman and Paty 2006).
Unlike expectations of negative reinforcement, such as
smoking to relieve stress, expectations of positive rein-
forcement do not predict the likelihood of a relapse after
smoking cessation. This finding indicates that positive-
reinforcement processes may have less motivational sig-
nificance for relapse than do negative-reinforcement
processes (Wetter et al. 1994). Relapse is less likely to
occur during positive-affect states than during negative-
affect states (Shiffman et al. 1996¢) (see “Trajectory of
Recovery or Relapse” later in this chapter).

Negative Reinforcement and Learning

Negative reinforcement refers to processes by which
smoking or nicotine reduces aversive states, such as pain,
craving, difficulty concentrating, and the negative-affect
states generally associated with nicotine withdrawal. Nico-
tine addiction is maintained in part because persons learn
during the early stages of smoking that tobacco use allows
them to escape aversive states associated with smoking
abstinence or because they learn later that it helps them to
avoid these aversive states (Eissenberg 2004). These states
include irritability and an anxious or depressed mood.
With continued use of cigarettes by smokers over time,
the associative link between tobacco use and the relief
of withdrawal-associated aversive states is strengthened.
Tiffany and colleagues (2004) hypothesize that a crucial
phase in the development of nicotine addiction may be
the transition from experimental smoking to smoking to
reduce the experience of negative states.

Baker and colleagues (2004) extend the conceptu-
alization of this negative-reinforcement model of tobacco
dependence by focusing on the role of negative affect.
Within this reformulation of negative reinforcement, neg-
ative affect is the core symptom of the nicotine withdrawal
syndrome that drives a person to smoke to relieve aversive
states. Traditional negative-reinforcement models have
emphasized the role of environmental cues, such as inter-
personal conflict, but not internal cues, such as physiolog-
ical symptoms that signal impending withdrawal-related
states of negative affect. With repeated pairings of nico-
tine withdrawal and smoking to relieve withdrawal, per-
sons addicted to nicotine may learn over time to detect

122 Chapter 4

internal cues at a level that is not in the immediate aware-
ness of the smoker, especially cues associated with nega-
tive-affect states, regardless of whether they are related to
withdrawal (Baker et al. 2004). Nicotine operates on both
aversive withdrawal states and distress associated with
external stressors, according to Baker and colleagues
(2004). However, nicotine may be less effective in reduc-
ing negative affect associated with distress from external
stressors. Consistent with this view, cigarette smoking
has not been found to attenuate experimentally induced
negative affect in the laboratory setting (Conklin and
Perkins 2005). Studies of smoking in real-world settings
have found little or no association between subjective
negative affect and smoking behavior (Piasecki 2006).
Baker and colleagues (2004) further hypothesize that
smokers acquire a “motivational-processing sequence in
which interoceptive signals of negative affect engage drug
self-administration response sequences and may induce
awareness of the desire or urge to use a drug without
awareness of the affective origins or setting events for the
desire” (p. 47).

The finding that negative-reinforcement processes
may not be consciously accessible (Baker et al. 2004)
could contribute to the difficulty smokers experience in
trying to stop smoking. When negative affect or external
stressors become sufficiently strong, the person becomes
aware of them, and the negative affect leads to biases in
information processing. One example is attentional bias
for negative affect cues that trigger smoking (Baker et al.
2004). Although it is provocative, Baker and colleagues’
model of negative reinforcement should be viewed as pro-
visional and requiring validation. Related individual dif-
ferences, such as the inability to tolerate distress, may
influence learning and conditioning processes (Brown et
al. 2005). Using momentary ecological assessment, Shiff-
man and Waters (2004) found that rapid increases in
negative affect exert especially strong influence in precipi-
tating lapses to smoking (see “Trajectory of Recovery or
Relapse” later in this chapter for a more detailed discus-
sion of smoking relapse).

Environmental Context

Animal studies confirm the powerful role that envi-
ronmental stimuli play in nicotine self-administration.
When environmental stimuli are paired with nicotine self-
administration, the extinguished drug-seeking behavior
is reinstated (Le Foll and Goldberg 2005). The important
role of environmental context in nicotine addiction is
observed in its effect on relapse. (For more description,
see “Trajectory of Recovery or Relapse” later in this chap-
ter.) Studies of smokers consistently report an association
among exposure to smoking cues, craving, and positive
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and negative affective states, which could be construed
as emotional cues followed by return to smoking after an
attempt to stop (Shiffman 1982; Marlatt and Gordon
1985). These studies, however, rely on subjectively recalled
events that may be prone to several types of memory bias.
Using methods of ecological momentary assessment in
an electronic diary, Shiffman and colleagues (1996¢) con-
firmed that lapses in smoking abstinence were strongly
associated with being in situations in which smoking was
permitted, cigarettes were available, and other persons
were smoking.

Clinical studies have used a cue-exposure paradigm
to explore the association of smoking cues with craving
and physiological and behavioral responses. These studies
are premised on the assumption that they yield insights
into how environmental and internal stimuli play a role in
provoking smoking and relapse (Niaura et al. 1988; Cag-
giula et al. 2001; Chiamulera 2005). Stimuli are presented
in a variety of modes, including photographic and video,
auditory, in vivo (presence of cigarette paraphernalia or
smoking by another person), and the use of imagery (e.g.,
request to imagine specific situations). In a meta-analytic
review, Carter and Tiffany (1999) found that exposure to
smoking cues increased craving most reliably, followed
in order by sweat gland activity and heart rate changes.
Sweating and changes in heart rate probably reflect an
increased arousal of the sympathetic nervous system.
Other researchers have noted cue effects on an increase
in reaction time (Sayette and Hufford 1994), cognitive
interference on the Stroop test (Munafo et al. 2003), and
similar paradigms used to assess attentional interfer-
ence (Mogg and Bradley 2002). Imaging studies of cue
responses also suggest that neural activity is greatest in
brain areas involved in emotion and reward, including the
prefrontal cortex, limbic lobe (anterior cingulate, poste-
rior hippocampus, and right posterior amygdala), medial
thalamus, and midbrain structures (ventral tegmentum)
(Due et al. 2002; McClernon and Gilbert 2004; David et
al. 2005).

Exposure to smoking cues among smokers also
decreases the prepulse inhibition of the acoustic startle
reflex, an effect associated with an increase in dopaminer-
gic activity in the ventral tegmental brain region (Hutchi-
son et al. 1999b). The effects of smoking cues on neural
responses and craving are also moderated by factors such
as the perceived availability of cigarettes. After cue expo-
sure, craving increased more when there is an expectation
of the opportunity to smoke (perceived availability) than
when there is perceived unavailability (Carter and Tiffany
1999). Exposure to a cigarette cue under the condition
of perceived availability is associated with an increase in
activation of the ventromedial prefrontal cortex and a
decrease in activation of the dorsolateral prefrontal cortex

compared with exposure to a neutral cue (Wilson et al.
2004). This pattern of neural activation with correspond-
ing increases in craving can be seen as setting the stage for
behaviors that culminate in smoking.

Responses to cues in laboratory experiments are
associated with responses to smoking cessation treat-
ments. For example, acute increases in heart rate assessed
among smokers in response to a cue exposure at the end
of a treatment protocol were related to a later relapse to
smoking (Niaura et al. 1989). An acute deceleration in
heart rate assessed when smokers observed a cigarette
being lit during the cue-exposure procedure also predicted
relapse. Heart rate deceleration in this context may reflect
a greater attention paid to the stimulus (e.g., a lit ciga-
rette). Subsequently, Waters and colleagues (2004) found
that a cue-provoked craving before treatment predicted
relapse, but only among those who were treated with an
active nicotine patch instead of a placebo patch, suggest-
ing inconsistent results or uncertainty in the link between
cue-provoked craving in the laboratory and relapse.

If cue-provoked responses assessed in the laboratory
are associated with smoking relapse, then treatments that
decrease or blunt these responses may increase the likeli-
hood of successful smoking cessation. A review by Conklin
and Tiffany (2002) suggests that conventional extinction-
type treatments, such as exposure to smoking-related
cues unaccompanied by the reinforcing effects of nicotine
or exposure with response-prevention treatments, are
ineffective in helping persons to stop smoking. This find-
ing may relate to the possibility that stimulus-response
pairing, if sufficiently strong, cannot be forgotten or
unlearned (LaBar and LeDoux 2001; Conklin and Tif-
fany 2002; Niaura 2002). In addition, the large number of
potential cues likely serves to maintain smoking behav-
ior or the state-dependent learning processes. How-
ever, methods such as use of denicotinized cigarettes or
antagonists (e.g., mecamylamine) show significant effects
on reducing the rewarding value of smoking cues and
have the potential to enhance smoking cessation (Rose
and Behm 2004; Rose 2006). Other cognitive or behav-
ioral methods based in modern learning theory may also
show more promise in suppressing the stimulus-response
bond. Pharmacologic treatments show some promise in
decreasing cue reactivity. Compared with a placebo gum,
nicotine polacrilex gum diminished the craving response
to smoking cues more rapidly (Shiffman et al. 2003). In
a study using the same cue-exposure paradigm, a more
recent formulation of a rapid-release nicotine gum
reduced craving more than did conventional nicotine
polacrilex gum (Niaura et al. 2005). Nicotine polacri-
lex gum is an effective smoking cessation aid (Silagy et
al. 2004). Its efficacy may be associated with its ability to
diminish a cue-provoked craving.
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Other rapid-release formulations of nicotine
replacement therapy (NRT), including gum and nasal
spray, may similarly help persons to stop smoking, in part
because these formulations decrease the craving response
to cues. In contrast, although slower-releasing NRT for-
mulations (e.g., a nicotine patch) appear to lower absolute
levels of craving, these formulations do not blunt cue-
provoked craving (Tiffany et al. 2000; Waters et al. 2004).
One study has suggested that treatment with bupropion
blunts cue-provoked craving, but the study did not con-
trol for abstinence status (Brody et al. 2004a). Other non-
nicotine compounds (e.g., naltrexone and olanzapine) also
may blunt cue-provoked craving (Hutchison et al. 1999a,
2004). This finding suggests that the cue-exposure para-
digm may be a useful screening tool for testing pharmaco-
logic aids to smoking cessation; however, further studies
need to be conducted to better understand why some med-
ications affect cue-induced cravings and others do not.

Summary and Future Directions

Long-term exposure to nicotine produces biologic
adaptations leading to reduced sensitivity to some of the
effects of nicotine (tolerance) and symptoms of distress
soon after cessation of drug use (withdrawal). Toler-
ance of nicotine in adolescent smokers may be related to
onset of drug dependence, even though tolerance in adult
smokers does not appear to be related to different indices
of nicotine addiction. Withdrawal symptoms, especially
self-reported cravings and negative affect, are related to
some indices of addiction. A narrower focus on the indi-
vidual withdrawal symptoms most strongly related to
relapse, such as negative affect (e.g., depressed mood),
may increase understanding of the underlying mecha-
nisms associated with the maintenance of nicotine addic-
tion and requires further study.

Positive reinforcement from nicotine may play
a more significant role in the initiation of smoking,
and negative reinforcement, particularly relief from

withdrawal, is an important contributor to the persistence
of smoking and relapse. Measures of nicotine’s reinforc-
ing effects, especially the most common measure—self-
reported number of cigarettes smoked per day—are con-
sistently related to other indices of addiction, including
the risk of relapse. However, other objective measures of
nicotine’s reinforcing effects, especially those reflecting
persistence in smoking behavior, may provide even stron-
ger markers of addiction for predicting clinical outcomes
and for testing the efficacy of new treatments or tobacco
products. Such measures may also be useful as endophe-
notypes of dependence for future research into the eti-
ology of addiction, including the influence of a person’s
genetic composition. Therefore, the development of these
validated markers and measures for nicotine and smoking
reinforcement is critical for future research examining
the etiology and treatments for nicotine addiction and for
tobacco product testing.

Nicotine addiction results not only from the phar-
macodynamic effects of nicotine but also from associative
learning and conditioning. Nicotine serves not only as a
US, but can also serve as a CS and a modifier of associative
processes. Motivational influences on persistent smok-
ing are more likely tied to negative reinforcement than to
positive reinforcement.

Interoceptive (internal) cues of negative affect have
been linked to craving and relapse, whereas positive affec-
tive states are less likely to lead to relapse. Exteroceptive
(environmental) cues also play an important role in elicit-
ing craving and relapse. Reactivity to both internal and
environmental cues may provide another measure of nico-
tine addiction. Factors such as age, gender, and psychiat-
ric comorbid history are important to consider in future
research, because they have or may have an important role
in moderating responses to nicotine (see “Epidemiology of
Tobacco Use and Nicotine Dependence in Adults” later in
this chapter). Because of the importance of learning in the
development and maintenance of nicotine addiction, this
is an area that requires more extensive research.

Pathophysiology of Nicotine Addiction

Because nicotine is one of the primary constituents
responsible for tobacco addiction, research to promote
an understanding of the neurobiology of tobacco addic-
tion focuses on the mechanisms mediating nicotine
addiction. As noted previously, dependence on nicotine
is characterized by both the persistence of a drug-taking
behavior and the emergence of withdrawal symptoms on
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abrupt cessation of nicotine administration (Wikler 1973;
Levine 1974; Stewart et al. 1984; Ludwig 1986; O’Brien et
al. 1990; Hughes and Hatsukami 1992; Koob et al. 1993;
Markou et al. 1993, 1998; APA 1994; Kenny and Markou
2001). Therefore, both the neurosubstrates (brain struc-
tures, pathways, and systems) mediating the reinforc-
ing effects of acute administration of nicotine and those
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mediating the nicotine withdrawal syndrome are rel-
evant to drug dependence. The physiological systems that
develop adaptations to repeated nicotine administration
and lead to the emergence of withdrawal signs on cessa-
tion of nicotine administration are likely to intersect with
systems that mediate the acute effects of nicotine (Markou
et al. 1998; Kenny and Markou 2001). That is, drug depen-
dence develops as a neurobiologic adaptation to chronic
drug exposure.

Accordingly, this section first reviews the systems
and pathways mediating the reinforcing effects of nico-
tine and then discusses the neuroadaptations that occur
because of chronic nicotine exposure. These neurobio-
logic adaptations mediate the tolerance to and effects of
withdrawal from nicotine that are interlinked in most
theoretical conceptualizations. Researchers have hypoth-
esized that the sensitization to the locomotor-activating
effects of drugs, including effects observed after repeated
nicotine administrations, reflect a progressive augmenta-
tion in the motivation to self-administer the drug (Robin-
son and Berridge 1993). (The locomotor-activating effects
consist of progressively increased locomotor responses to
repeated drug-challenge injections.) However, no direct
evidence suggests that sensitization to the locomotor-
activating effects of nicotine reflects any aspect of depen-
dence on nicotine. Therefore, sensitization is not covered
in this section. If sensitization to the reinforcing effects of
nicotine develops, it will most likely be relevant to early
phases of tobacco use involving the acquisition of tobacco
smoking as a continuing behavior.

The final discussion focuses on the comorbidity
of nicotine dependence and psychiatric disorders in the
context of shared substrates that mediate nicotine depen-
dence and depression-like aspects of psychiatric disorders
(Markou et al. 1998; Markou and Kenny 2002; Paterson
and Markou 2007).

Nicotinic Acetylcholine Receptors

Nicotine, an alkaloid in concentrations of approxi-
mately 1 to 3 percent in tobacco (Browne 1990), is an
agonist at the nicotinic acetylcholine receptors (nAChRs)
expressed both in the peripheral nervous system and the
CNS (Henningfield et al. 1996; Vidal 1996; Holladay et
al. 1997; Paterson and Norberg 2000). Similar to other
ligand-gated ion channels, neuronal nAChRs are com-
posed of five membrane-spanning subunits that combine
to form a functional receptor (Lindstrom et al. 1996;
Role and Berg 1996; Albuquerque et al. 1997; Léna and
Changeux 1998, 1999; Dani 2000; Gotti et al. 2006). Neu-
ronal nAChR subunits are arranged in different combina-
tions to form nAChRs with distinct pharmacologic and

kinetic properties. The neuronal « subunit exists in nine
isoforms (22 through «10), whereas the neuronal  sub-
unit exists in three isoforms (32, 83, and 4) (Arneric et
al. 1995; Wonnacott 1997; Elgoyhen et al. 2001). Study
of oocyte expression systems injected with pairwise com-
binations of different neuronal « and @ subunits indicate
that these subunits combine with a stoichiometry of
20:3B to produce a functional neuronal nicotinic hetero-
oligomeric receptor (Deneris et al. 1991; Conroy and Berg
1995; Colquhoun and Patrick 1997). In contrast, «7, a8,
and «9 subunits form homo-oligomeric complexes com-
posed of five « subunits and no B subunits (Chen et al.
1998). Only the «7 pentamer is expressed in the CNS.

Neuronal nAChRs in rats are divided broadly into
three classes: (1) those with a high-affinity binding site for
racemic nicotine—the nAChRs containing «4, of which
the ¢4B2 combination is the most abundant (Flores et al.
1992; Picciotto et al. 1995); (2) those with a high affinity
for the radioiodine [1251]a-bungarotoxin that correspond
to the homomeric 7 nAChRs (Clarke 1992); and (3)
those with a high affinity for neuronal bungarotoxin—the
a3-containing nAChRs (Schulz et al. 1991). The precise
combinations of nAChR subunits that constitute active
brain nAChRs in vivo have been primarily inferred from
their pharmacologic profile (Sershen et al. 1997; Kaiser et
al. 1998; Luo et al. 1998; Sharples et al. 2000). However,
advances have identified nAChR subunits expressed by
individual neurons in specific brain regions (Léna et al.
1999; Sheffield et al. 2000).

The predominant role of nAChRs in the brain is
the modulation of neurotransmitter release, because
nAChRs are situated primarily on presynaptic terminals
(Wonnacott 1997). Nevertheless, nAChRs are also found
at somatodendritic, axonal, and postsynaptic sites (Sar-
gent 1993). As a result of actions at the nAChR sites,
nicotine stimulates the release of most neurotransmitters
throughout the brain (Araujo et al. 1988; Toide and Arima
1989; McGehee and Role 1995; Gray et al. 1996; Role and
Berg 1996; Wilkie et al. 1996; Albuquerque et al. 1997;
Alkondon et al. 1997; Kenny et al. 2000; Grady et al. 2001).
Therefore, as discussed in the next section, various trans-
mitter systems are likely to be involved in the rewarding
effects of nicotine and in the adaptations that occur in
response to chronic exposure to nicotine, which give rise
to dependence and withdrawal responses.

Neurosubstrates of Nicotine
Reinforcement

The mesocorticolimbic brain system in the mid-
brain of mammals is composed of interconnected brain
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structures. This system has been shown to be critically
involved in the effects of drugs of abuse (Koob 2008).
Among the main components of this system are the
dopaminergic neurons originating in the ventral teg-
mental area (VTA) and projecting to the nucleus
accumbens and the frontal cortex. The activity of these
VTA dopamine neurons is regulated by the release of the
excitatory neurotransmitter glutamate from neuronal
projections originating from several sites, including the
nucleus accumbens and the frontal cortex. Other inputs
that also regulate activity of the mesolimbic system are
(1) y-aminobutyric acid (GABA) inhibitory interneurons
located within the VTA and the nucleus accumbens and (2)
cholinergic projections from brainstem nuclei to the VTA.
These cholinergic projections release the endogenous
neurotransmitter acetylcholine, which acts on excitatory
nAChRs located on glutamate and GABA neuronal termi-
nals in the VTA (Figure 4.4). Extensive investigations over
decades have conclusively demonstrated a critical role of
the mesocorticolimbic system and its connections in sev-
eral behavioral and affective responses to drugs of abuse.

Dopamine and Nicotinic Acetylcholine Receptors

As with other drugs of abuse, it has been demon-
strated that the mesolimbic dopaminergic system and
nAChRs within that system are critically involved in the
reinforcing properties of nicotine (Watkins et al. 2000;
Picciotto and Corrigall 2002; Balfour 2004). Acute admin-
istration of nicotine increased the firing rate of dopaminer-
gic neurons in the VTA (Grenhoff et al. 1986; Pidoplichko
et al. 1997) and elevated dialysate levels of dopamine in
the shell of the nucleus accumbens (Imperato et al. 1986;
Damsma et al. 1989; Mifsud et al. 1989; Benwell and Bal-
four 1992; Pontieri et al. 1996; Nisell et al. 1997; Carboni
et al. 2000). These effects of nicotine may occur through
excitatory actions at nAChRs on the mesolimbic dopami-
nergic neurons in both the VTA and the nucleus accum-
bens and at nAChRs located on local neuronal circuitry
within these brain regions (McGehee and Role 1996; Nisell
et al. 1997; Teng et al. 1997). The nAChRs in the VTA play a
more important role than those in the nucleus accumbens
in the effects of nicotine on the release of dopamine from
the nucleus accumbens (Nisell et al. 1994a,b, 1997).

Several findings support the conclusion that nAChRs
located within the VTA are involved in nicotine reinforce-
ment. Intravenous nicotine self-administration is a proce-
dure that allows the assessment of the reinforcing effects
of nicotine by measuring the number of infusions a rat
chooses to receive intravenously through an indwelling
permanent catheter by pressing a lever during one-hour
daily sessions in a testing chamber. Each of four factors
decreased intravenous nicotine self-administration in rats
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(Picciotto and Corrigall 2002). The factors were (1) injec-
tions of the competitive nAChR antagonist DHRE into the
VTA (Williams and Robinson 1984) but not the nucleus
accumbens (Corrigall et al. 1994), (2) development of
lesions of the mesolimbic dopaminergic projections from
the VTA to the nucleus accumbens (Corrigall et al. 1992),
(3) development of cholinergic lesions of the brainstem
pedunculopontine tegmental nucleus that project to the
VTA (Lanca et al. 2000), and (4) systemic administration
of dopamine receptor antagonists (Corrigall and Coen
1991b). Studies suggest an involvement of the nAChR
subtypes containing a4f2 in both the nicotine-induced
release of dopamine and nicotine reinforcement (Picciotto
et al. 1998; Schilstrom et al. 1998b; Watkins et al. 1999;
Grillner and Svensson 2000; Sharples et al. 2000). In addi-
tion, mutant mice with hypersensitive a4 nAChRs show a
50-fold increase in sensitivity to the reinforcing effects of
nicotine measured by a place-preference procedure (Tap-
per et al. 2004). A place-preference procedure assesses the
rewarding effects of a drug by measuring the preference a
rat exhibits for a compartment previously associated with
the effects of a drug instead of a compartment associated
with an injection of saline. The place-preference finding
by Tapper and colleagues (2004) further indicates a criti-
cal role of #4 nAChRs in nicotine reinforcement. The o7
homomeric receptors may be involved in the reinforc-
ing effects of nicotine. Methyllycaconitine, an antagonist
with limited selectivity for the «7 nAChR, decreased the
intravenous nicotine self-administration procedure in
rats (Markou and Paterson 2001), although another study
with rats showed no effects of this antagonist on nicotine-
induced hyperactivity or nicotine self-administration
(Grottick et al. 2000). Finally, both the «4f2 and «7 sub-
types are implicated in the effects of nicotine on mem-
ory (Levin et al. 1999; Bancroft and Levin 2000) and the
anxiolytic effects of nicotine (Gordon 1999; Cheeta et al.
2001), which also contribute to persistent tobacco use
(USDHHS 1988).

Glutamate

Other mechanisms by which nicotine may elevate
striatal dopamine levels include increases in excitatory
glutamatergic inputs from the frontal cortex to the
nucleus accumbens and/or excitatory glutamatergic
inputs to VTA dopaminergic neurons projecting to the
striatum. Nicotine increases the release of glutamate by
agonist actions at excitatory presynaptic nAChRs on glu-
tamatergic terminals in various brain sites, including the
VTA (Fu et al. 2000; Grillner and Svensson 2000; Mans-
velder and McGehee 2000), nucleus accumbens (Reid
et al. 2000), prefrontal cortex (Gioanni et al. 1999), and
hippocampus (Gray et al. 1996). In the VTA, nicotine acts
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Figure 4.4

Neural pathways for y-aminobutyric acid, glutamate, dopamine, and excitatory neurotransmitters

Source: Markou 2006. Reprinted with permission from Wiley-Blackwell, © 2006.

Note: The circular symbol with the reverse arrow attached to it depicts a neuron. The circle is the cell body, and the reverse arrow is
the terminal that releases neurotransmitter(s) out of its open site into the synapse at the indicated projection brain site. The minus
sign (-) indicates inhibitory input of the neurotransmitter, and the plus sign (+) indicates excitatory input of the neurotransmitter.
Some neurons are interneurons projecting within a particular brain site, and other neurons project from one brain site to another
distant brain site. GABA = y-aminobutyric acid; nAChR = nicotinic acetylcholine receptor; mGluR2/3 = metabotropic glutamate 2/3

receptor; VTA = ventral tegmental area.

at presynaptic «7 nAChRs located on glutamate neurons
(neurons that release glutamate as the primary neu-
rotransmitter). Activation of these «7 nAChRs on gluta-
mate neurons (Mansvelder and McGehee 2000) increases
the release of glutamate in the VTA. This activity, in turn,
stimulates the release of dopamine in the nucleus accum-
bens (Nisell et al. 1994a,b; Schilstrom et al. 1998a,b; Fu
et al. 2000; Mansvelder and McGehee 2000). That is, this

increased release of glutamate acts at metabotropic and
ionotropic glutamate receptors located on postsynaptic
dopamine neurons (neurons that have dopamine as the
primary neurotransmitter). Activation of these glutamate
receptors leads to excitation of the dopamine neurons that
results in increased release of dopamine in terminal brain
sites where these neurons project, such as the nucleus
accumbens, the amygdala, and the frontal cortex.
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Ionotropic antagonists of N-methyl-D-aspartate
receptors blocked (prevented) tolerance to the locomo-
tor depressant effects of acute nicotine administration
(Shoaib and Stolerman 1992; Shoaib et al. 1994) and
blocked sensitization to the locomotor stimulant effects
of chronic nicotine administration (Shoaib and Stoler-
man 1992). Most relevant to addiction is the finding that
blockade of the postsynaptic metabotropic glutamate
receptor subtype 5 (mGIluR5) with 2-methyl-6-(phenyl-
ethynyl)pyridine (MPEP) decreased intravenous nicotine
self-administration in rats and mice (Paterson et al. 2003)
and decreased the motivation to self-administer nicotine
(Paterson and Markou 2005). These effects are likely me-
diated by decreasing the nicotine-stimulated release of
dopamine in the mesolimbic system. At doses that blocked
nicotine self-administration, MPEP had no effect on
response for food (Paterson et al. 2003). The progressive-
ratio schedule of reinforcement, which gradually increases
the response requirements after each earned reward,
allows the assessment of the motivation for reinforcers,
such as nicotine or food, by evaluating the maximal num-
ber of responses emitted by the rat (i.e., breaking point) to
receive a single intravenous infusion of nicotine or a single
food reward. In this schedule, MPEP had a greater effect on
motivation for nicotine than on motivation for food, even
when the magnitudes of reinforcer value were equated to
support equal breaking points for nicotine and food un-
der baseline conditions (Paterson and Markou 2005). This
selectivity of the MPEP effects for nicotine reinforcement
versus food reinforcement suggests that MPEP selectively
blocks the reinforcing effects of nicotine without affecting
motor performance or food reinforcement. Furthermore,
evidence suggests a potential role of ionotropic glutamate
receptors in the effects of nicotine. Animals that self-
administered nicotine chronically exhibited an increase in
ionotropic glutamate receptor subunits in brain regions,
such as the VTA and the frontal cortex, that are implicated
in the reinforcing effects of nicotine (Wang et al. 2007).

v-Aminobutyric Acid

GABA is the major inhibitory transmitter in the
brain and is another transmitter system critically involved
in the reinforcing effects of acute nicotine administra-
tion. Several factors inhibit the release of mesolimbic
dopamine, including inhibitory GABA transmission on
ascending afferents to dopaminergic VTA neurons from
the pedunculopontine tegmental nucleus (Walaas and
Fonnum 1980; Yim and Mogenson 1980), descending
GABA-ergic inputs from the ventral pallidum and the
nucleus accumbens, GABA interneurons within the VTA,
and medium spiny GABA neurons in the nucleus accum-
bens (Walaas and Fonnum 1979; Heimer and Alheid 1991;
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Churchill et al. 1992; Dewey et al. 1992; Kalivas et al 1992;
Klitenick et al. 1992; Sugita et al. 1992; Engberg et al.
1993). As suggested by this neuroanatomy and extensive
electrophysiological studies, interactions between the
GABA, dopaminergic, and glutamatergic systems in the
VTA are complex (Mansvelder and McGehee 2000; Mans-
velder et al. 2002). Glutamate afferents to the VTA excite
dopamine neurons, and GABA-ergic afferents to the VTA
inhibit dopamine neurons. Excitatory nAChRs are located
on both glutamate and GABA-ergic neurons. The nAChRs
on GABA neurons desensitize quickly to chronic adminis-
tration of nicotine, but the nAChRs on glutamate neurons
require higher doses of nicotine for desensitization. This
delicate balance leads to a nicotine-induced increase in
the release of dopamine in the nucleus accumbens, the
terminal area of VTA neurons (Schilstrom et al. 1998b;
Mansvelder and McGehee 2000). Similar transmitter
interactions may also occur in other brain sites.

Increased GABA-ergic transmission abolishes
both the nicotine-induced increases in dopamine in the
nucleus accumbens and the reinforcing effects of nico-
tine (Dewey et al. 1999; Brebner et al. 2002). Systemic
injections of y-vinyl GABA (vigabatrin) increased GABA
levels and decreased nicotine self-administration in rats
(Paterson and Markou 2002). Vigabatrin is an irrevers-
ible inhibitor of GABA transaminase, the primary enzyme
involved in GABA metabolism (Jung et al. 1977; Lippert
et al. 1977). Systemic injections of vigabatrin also abol-
ished the expression and acquisition of nicotine-induced
conditioned place preference (Dewey et al. 1998). The
administration of vigabatrin also lowered nicotine-
induced increases in dopamine in the nucleus accum-
bens in both untreated rats and those receiving long-term
treatment with nicotine in a dose- and time-dependent
manner measured by in vivo microdialysis. In addition,
vigabatrin abolished nicotine-induced increases in stria-
tal dopamine in primates, as determined by PET scan
(Brebner et al. 2002).

The use of receptor-selective agonists in animals
suggests the involvement of GABAg receptors in the
reinforcing effects of nicotine. Systemic injections or
microinjections of baclofen or CGP44532 [(3-amino-
2[S]-hydroxypropyl)-methylphosphinic acid] —two GABA;
receptor agonists—into the nucleus accumbens shell, the
VTA, or the pedunculopontine tegmental nucleus that
sends cholinergic, GABA-ergic, and glutamatergic projec-
tions to the VTA decreased the reinforcing effects of nico-
tine (Shoaib et al. 1998; Corrigall et al. 2000, 2001; Fattore
et al. 2002; Paterson et al. 2004). However, injections
into the caudate-putamen did not have these effects. The
decreases in nicotine self-administration persisted even
after administration of CGP44532 for 14 days, indicating
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little tolerance to this effect of the GABAg receptor agonist
with this duration of treatment (Paterson et al. 2005b);
that is, the reduction in nicotine self-administration
persisted over time. The issue of tolerance is important
because long-term administration of drug therapies is
necessary to achieve smoking cessation. However, in stud-
ies of rats, vigabatrin and GABAg receptor agonists also
decreased response for food, although at doses higher than
the threshold doses for inducing decreases in nicotine
self-administration (Paterson and Markou 2002; Paterson
et al. 2004, 2005b). These effects on response for food may
reflect nonspecific effects on performance by GABA-ergic
compounds or specific effects on food intake. The possibil-
ity of effects on food intake is intriguing, because weight
gain associated with abstinence from smoking is often a
concern for smokers, especially women, who want to stop
smoking cigarettes.

Thus, increased GABA transmission through the
activation of GABAg receptors blocks the reinforcing
effects of nicotine. However, a clinical study shows that
one dose of baclofen had no effect on either the number
of cigarettes smoked or the craving for nicotine (Cousins
et al. 2001). Nevertheless, other clinical studies show that
long-term administration of baclofen reduced abuse of
cocaine and alcohol, as well as cue-induced brain activa-
tion (Ling et al. 1998; Addolorato et al. 2000, 2002a,b).
Therefore, long-term treatment with these GABA-ergic
drugs may first be required to reduce tobacco smoking.

Opioid, Endocannabinoid, and Serotonin Systems

The data on the possible role of opioid systems in
the rewarding effects of nicotine remain inconclusive.
Nicotine did not induce a conditioned place preference
in p-opioid receptor *NULL-mutant mice, but it did so
in wild-type animals (Berrendero et al. 2002). Similarly,
nicotine induced a conditioned place preference in wild-
type but not in preproenkephalin *NULL-mutant mice.
A nicotine-induced elevation in dopamine overflow in
the nucleus accumbens was absent in *NULL mutants
(Berrendero et al. 2005). However, systemic or intra-VTA
administration of the opiate receptor antagonist naltrex-
one or the opiate receptor agonist D-Ala2, N-Me-Phe*-Gly-
ol-enkephalin, respectively, had limited or no effects on
nicotine self-administration in rats (Corrigall and Coen
1991a; Corrigall et al. 2000).

In humans, acute and short-term nicotine adminis-
tration leads to the release of B-endorphins, endogenous
opioid peptides that have reinforcing effects (Davenport
et al. 1990; Boyadjieva and Sarkar 1997). Furthermore, in
humans, the acute administration of naltrexone decreased
the reinforcing value of nicotine in a procedure involving
choice between puffs on nicotinized versus denicotinized

cigarettes (i.e., compared with placebo, naltrexone signifi-
cantly reduced the number of nicotine cigarette choices)
(Rukstalis et al. 2005). This result is consistent with a pre-
vious finding that acute administration of naltrexone sig-
nificantly decreased the total number of choice cigarettes
smoked (e.g., subjects were given a choice to smoke four
cigarettes in a two-hour period of time) (Epstein and King
2004). However, a randomized, double-blind trial of nal-
trexone for smoking cessation found only a nonsignificant
trend toward increased cessation rates, and the effect dis-
appeared at 12 months after cessation (Covey et al. 1999).
Other clinical trials examining the effects of naltrexone
versus placebo in smokers who were assigned nicotine
patches to aid cessation have also observed no significant
effects of naltrexone on improving treatment outcomes
(King et al. 2006; O’'Malley et al. 2006). Thus, the possible
involvement of the opiate system in the reinforcing effects
of nicotine remains at best unclear, and the use of opi-
ate antagonists as treatments for dependence on tobacco
smoking appears unwarranted. A Cochrane review in 2001
concluded that opioid antagonists failed to significantly
increase long-term abstinence from smoking on the
basis that the limited evidence was insufficient to support
a conclusive finding on whether naltrexone is an aid to
smoking cessation (David et al. 2006). Although one study
suggested an effect of gender, women benefited more than
men from treatment with naltrexone (King et al. 2006).
The evidence is much stronger for the role of
serotonin in the reinforcing effects of nicotine. Acute
administration of nicotine elevated extracellular serotonin
in the nucleus accumbens (Schiffer et al. 2001) and the
VTA (Singer et al. 2004). Serotonin was also implicated
in a neurochemical sensitization to nicotine, which some
researchers hypothesize to be relevant to aspects of nico-
tine dependence. The administration of the serotonin
(5HT,) receptor agonist (+)-2,5-dimethoxy-4-iodoam-
phetamine (Olausson et al. 2001) or the 5HT, receptor
agonist (S)-2-(chloro-5-fluoro-indol-1-yl)-1-methylethyl-
amine fumarate (Di Matteo et al. 2004) blocked the in-
creased overflow of serotonin observed after a nicotine
challenge in nicotine-treated rats. In addition, nicotine
increased serotonin overflow in cortical areas (Toth et al.
1992; Ribeiro et al. 1993; Summers and Giacobini 1995;
Singer et al. 2004) and in the dorsal hippocampus (Singer
et al. 2004). In contrast, Balfour and Ridley (2000) found a
decrease in the serotonin overflow after acute administra-
tion of nicotine. However, Singer and colleagues (2004)
used anesthetized rats, and Balfour and Ridley (2000)
used in vivo microdialysis in conscious rats. In addition,
administration of nicotine for at least 20 days was asso-
ciated with decreased serotonin levels in the dorsal hip-
pocampus (Benwell and Balfour 1979; Balfour and Ridley
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2000). However, nicotine administration for 14 days was
associated with increased serotonin levels (Takada et al.
1995). Nicotine infusion into the ventromedial nuclei
or the lateral hypothalamic area increased the release of
serotonin in this area (Yang et al. 1999; Ramos et al. 2004).
Together, the findings suggest that acute administration
of nicotine increases serotonin levels but that long-term
administration leads to decreases in serotonin levels that
may mediate the affective aspects of nicotine dependence
and withdrawal (Harrison et al. 2001).

Studies provide conflicting evidence on the role
of cannabinoid subtype 1 (CB;) receptors in modulating
the reinforcing effects of nicotine. CB; knockout mice
(i.e., mice genetically engineered to lack CB; receptors)
self-administered nicotine (Cossu et al. 2001) but did not
exhibit conditioned place preference to nicotine (Castane
et al. 2002). Furthermore, the CB; receptor antagonist
rimonabant (SR141716) decreased nicotine seeking and
self-administration of nicotine induced by the presenta-
tion of conditioned cues and also attenuated a nicotine-
induced release of dopamine in the nucleus accumbens
shell (Cohen et al. 2002, 2005; De Vries et al. 2005). Thus,
the data from experimental studies of rodents on the role
of the cannabinoid system are inconclusive and so are
the clinical data (Le Foll and Goldberg 2005). However,
an analysis of data pooled from three clinical trials of
rimonabant compared with a placebo showed modest suc-
cess at the end of treatment (Cinciripini et al. 2006).

Norepinephrine

Data also suggest a role of norepinephrine in the
effects of nicotine. Acute nicotine administration increases
extracellular norepinephrine in the nucleus accumbens,
the hippocampus, and the cortex in rats (Brazell et al.
1991; Mitchell et al. 1993; Summers and Giacobini 1995;
Benwell and Balfour 1997; Schiffer et al. 2001). Nicotine-
evoked hippocampal release of norepinephrine in vivo was
attenuated by a-bungarotoxin but was unaffected by either
of the nAChR antagonists mecamylamine or DHBE, im-
plicating «7 nAChRs, rather than 242 nAChRs associated
with the release of norepinephrine in this region of the
brain (Fu et al. 1999). However, norepinephrine release
from hippocampal synaptosomes in rats was sensitive to
mecamylamine, DHBE, and methyllycaconitine suggest-
ing that the release of norepinephrine may not be specific
to 7 nAChRs (Clarke and Reuben 1996). Additional stud-
ies suggest the role of norepinephrine in nicotine’s effects.
Intravenous self-administration of nicotine increased
norepinephrine concentrations in the amygdala and the
hypothalamic paraventricular nucleus (Fu et al. 2001,
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2003). In vitro studies indicated that nicotine increased
release of norepinephrine in (1) prefrontal cortex slices of
rats (Rao et al. 2003) and (2) locus coeruleus neurons of
fetal rats grown in cultures (Gallardo and Leslie 1998).

Consistent with these neurochemical findings,
short-term or long-term administration of reboxetine,
the selective noradrenaline reuptake inhibitor, decreased
nicotine self-administration in rats (Rauhut et al. 2002).
However, reboxetine also decreased sucrose-maintained
response, although to a lesser degree than nicotine-
maintained response. Reboxetine acts as a noncompetitive
nAChR antagonist, in addition to blocking noradrenaline
reuptake (Miller et al. 2002). Thus, it is not conclusive that
the effects of reboxetine on nicotine self-administration
are attributable to its effects on noradrenaline reuptake
rather than to its actions as an nAChR antagonist.

Bupropion, a smoking cessation aid, also inhibits
reuptake of norepinephrine, as well as dopamine (Ferris et
al. 1983). Administration of bupropion increased extracel-
lular concentrations of dopamine and epinephrine in the
nucleus accumbens, hypothalamus, and prefrontal cortex
(Nomikos et al. 1989, 1992; Li et al. 2002). Furthermore,
electrophysiological studies indicated that bupropion
decreased the firing rates of dopamine neurons in the
nucleus accumbens and noradrenergic neurons in the
locus coeruleus but had no effect on firing of serotonin
dorsal raphe neurons (neurons located in the dorsal raphe
firing) (Cooper et al. 1994).

Despite the demonstrated effects of bupropion on
neurotransmitter and receptor systems that appear to
mediate the effects of nicotine, bupropion had inconsis-
tent effects on nicotine self-administration in rats. Some
studies showed a decrease in nicotine self-administration
in fixed-ratio schedules of reinforcement but had no effects
in a progressive-ratio schedule (Glick et al. 2002; Bruijn-
zeel and Markou 2003). In contrast, another study (Shoaib
et al. 2003) indicated that repeated daily administration
of bupropion increased nicotine self-administration in a
fixed-ratio schedule, but the results were not significant
(Shoaib et al. 2003). Finally, Rauhut and coworkers (2003)
showed that low doses of bupropion increased and high
doses of bupropion decreased nicotine self-administration
and response for sucrose.

In summary, these findings suggest a strong
effect of nicotine on transmission of norepinephrine, but
bupropion, which inhibits the reuptake of both dopamine
and norepinephrine, has inconsistent effects on nicotine
self-administration in rodents. Thus, other properties of
bupropion, such as relief from withdrawal symptoms, may
contribute to its efficacy as an aid to smoking cessation.
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Neurosubstrates of Nicotine
Dependence and Withdrawal

Nicotine Withdrawal Syndrome in Rodents

Smoking cessation leads to an aversive withdrawal
syndrome lasting one to four weeks after cessation (Shiff-
man et al. 2004b). As noted previously, this withdrawal
syndrome has affective, behavioral, somatic, and cognitive
components (see “Physiological Mechanisms and Indica-
tors: Nicotine Tolerance, Withdrawal, and Reinforcement”
earlier in this chapter). The nicotine withdrawal syndrome
is considered an important motivational factor that con-
tributes to the perpetuation of nicotine dependence and
continuing behaviors related to tobacco smoking (Mar-
kou et al. 1998; Kenny and Markou 2001). Withdrawal
signs are often opposite to the acute effects of the drug
(e.g., improved concentration versus poor concentration),
probably reflecting the finding that the development of
nicotine dependence leads to changes in brain function to
counteract the acute effects of nicotine (e.g., increase in
receptor number).

One of the first and most widely used measures
developed to investigate the neurobiology of the nicotine
withdrawal syndrome and nicotine dependence is the fre-
quency of somatic signs reliably observed in rats, but less
reliably observed in mice (Malin et al. 1992; Epping-Jordan
et al. 1998; Hildebrand et al. 1999; Isola et al. 1999; Car-
boni et al. 2000; Malin 2001; Semenova and Markou 2003;
Salas et al. 2004). The most prominent somatic signs in
rats are abdominal constrictions (writhes), gasps, ptosis,
facial fasciculation, and eyeblinks. These somatic signs are
both centrally and peripherally mediated (Hildebrand et
al. 1999; Carboni et al. 2000; Watkins et al. 2000; Malin
2001; Cryan et al. 2003).

The somatic components of nicotine withdrawal
are unpleasant. However, avoidance of the negative
affect and depression-like components of withdrawal may
play a more important role in the maintenance of nicotine
dependence than do the somatic aspects of withdrawal
(Hughes 1992; Kenny and Markou 2001). In rodents, a
valid and reliable measure of the affective and motiva-
tional aspects of drug withdrawal is the elevation of brain-
reward thresholds observed after cessation of long-term
administration of nicotine (Epping-Jordan et al. 1998;
Harrison et al. 2001; Cryan et al. 2003; Semenova and
Markou 2003). Elevations of reward thresholds are an
operational measure of “diminished interest or pleasure”
in rewarding stimuli (i.e., anhedonia), which is a symptom
of nicotine withdrawal and a core symptom of depression
(APA 1994). Similar threshold elevations are observed

during withdrawal from all major drugs of abuse in rodents
(Kokkinidis et al. 1980; Markou and Koob 1991; Schul-
teis et al. 1994, 1995; Paterson et al. 2000; Spielewoy and
Markou 2003). Several dissociations have been identified
between the threshold elevations and the somatic signs of
nicotine withdrawal, and these observations are similar to
those in clinical studies (see “Physiological Mechanisms
and Indicators: Nicotine Tolerance, Withdrawal, and Rein-
forcement” earlier in this chapter). These findings suggest
that the various aspects of withdrawal are mediated by
different substrates (Epping-Jordan et al. 1998; Watkins
et al. 2000; Harrison et al. 2001; Semenova and Markou
2003). Other rodent models that may be relevant to the
disruption of behavioral performance in humans involve
(1) disruptions induced by termination of administration
of nicotine on behavioral responses maintained by food
(Carroll et al. 1989); (2) increases in the acoustic startle
response in rats (Helton et al. 1993); and (3) decreases
in prepulse inhibition (i.e., decrease in the adaptation
response to a stronger stimuli after presentation of a prior
weaker stimuli) in mice (Semenova et al. 2003).

Important study data indicate that rats with thresh-
old elevations reflecting a reward deficit associated with
nicotine withdrawal can become conditioned to previously
neutral environmental stimuli (Kenny and Markou 2005)
(see “Learning and Conditioning” earlier in this chapter).
Nicotine-dependent rats were presented with a light and
tone CS and received injections of the nicotinic recep-
tor antagonist DHBE for four consecutive days before an
assessment of brain-reward thresholds. This procedure led
to elevations of brain-reward thresholds in the nicotine-
dependent rats. When the rats were presented with just the
light and tone CS on the test day, thresholds were again
elevated, reflecting a conditioned state of negative affect.
This type of conditioned affective response may lead to a
relapse to tobacco smoking to alleviate this conditioned
state of negative affect. This finding may partly explain the
relapse observed months or even years after a person last
smoked a cigarette.

Subsequent data suggest that the experience of
nicotine withdrawal in male adolescent rats may dif-
fer from that in adult rats. At the time of this review, no
females have been tested. The evidence for this hypothesis
is threefold. First, male adolescent rats displayed fewer
somatic signs of nicotine withdrawal than did adult males.
Second, although male adolescent rats displayed a con-
ditioned place aversion produced by nicotine withdrawal,
it was less robust than that seen in adult males. Third,
adolescent male rats did not display the decreases in
brain-reward function seen in adult rats experiencing
withdrawal (O’Dell et al. 2006, 2007).
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Neurochemical Correlates of Nicotine Withdrawal

Several experimental approaches are used to inves-
tigate the neuronal substrates of nicotine dependence and
withdrawal. In vivo microdialysis studies provide infor-
mation about the neurochemical changes occurring in
specific brain sites with nicotine dependence. The precipi-
tation of nicotine withdrawal in nicotine-treated rats, but
not in controls, with administration of drugs that probe
various transmitter systems and receptors suggests that
chronic exposure to nicotine induces adaptations in spe-
cific transmitter systems and receptors. The combination
of the in vivo microdialysis technique with the precipi-
tated nicotine withdrawal technique indicates that the
circuits mediating the acute effects of nicotine develop
adaptations with nicotine dependence that lead to the
withdrawal syndrome (Figure 4.4 depicts the brain struc-
tures and their interconnections forming circuits dis-
cussed in this chapter).

During nicotine withdrawal precipitated by systemic
or intra-VTA administration of the nAChR antagonist
mecamylamine in nicotine-treated rats, dialysate levels
of dopamine were decreased in the nucleus accumbens
(Fung et al. 1996; Hildebrand et al. 1998; Carboni et al.
2000) and in the central nucleus of the amygdala (Pana-
gis et al. 2000). These mecamylamine injections into the
VTA also produced, in a dose-dependent manner, most of
the somatic signs of nicotine withdrawal (Hildebrand et al.
1999). This finding suggests the involvement of nAChRs in
the VTA in the expression of the somatic signs of nicotine
withdrawal. Most important, similar decreases in levels of
dopamine in the nucleus accumbens were observed in rats
allowed to self-administer nicotine for 25 days, beginning
24 to 48 hours after the last session for self-administration
of nicotine (Rahman et al. 2004). Decreases in dopamine
levels in the nucleus accumbens are also associated with
withdrawal from other drugs of abuse, such as ethanol,
morphine, cocaine, and amphetamine (Rossetti et al.
1992). In contrast, the increases in dialysate dopamine
levels observed in the frontal cortex (Hildebrand et al.
1998; Carboni et al. 2000) were similar to those observed
during withdrawal from other drugs of abuse (Imperato
et al. 1986). Thus, it appears that common substrates are
involved in the mediation of the withdrawal signs associ-
ated with different drugs of abuse that involve alterations
in dopamine transmission in the nucleus accumbens and
the frontal cortex.

The smoking cessation aid bupropion, an atypi-
cal antidepressant, acts at least partly by inhibiting the
neuronal uptake of dopamine, which thereby increases
dopamine transmission (Nomikos et al. 1992). Bupro-
pion reverses both the threshold elevations and the
somatic signs associated with nicotine withdrawal (Cryan
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et al. 2003) in rats, although its effects on nicotine self-
administration are inconsistent (Glick et al. 2002; Bruijn-
zeel and Markou 2003; Shoaib et al. 2003). Taken together,
the above data strongly suggest that a decrease in meso-
limbic dopaminergic transmission mediates aspects of
nicotine withdrawal.

Another transmitter system that may be involved in
nicotine dependence and withdrawal is the norepineph-
rine system. However, to date, the role of this system in
nicotine dependence has not been investigated as exten-
sively as that of the dopamine system. Acute administra-
tion of nicotine elevates extracellular noradrenaline levels
in the nucleus accumbens (Schiffer et al. 2001), hippo-
campus (Brazell et al. 1991; Mitchell et al. 1993; Benwell
and Balfour 1997), cortex (Summers and Giacobini 1995),
amygdala, and hypothalamic paraventricular nucleus (Fu
et al. 2001). These findings indicate that nicotine with-
drawal may be characterized by a decrease in noradrener-
gic transmission. This hypothesis is supported by evidence
for the beneficial effects on smoking cessation of nortrip-
tyline, a norepinephrine reuptake inhibitor (Hughes et al.
2004b) and the ameliorative effects of the «2-adrenoceptor
agonist clonidine on nicotine withdrawal in double-blind,
placebo-controlled studies (Covey and Glassman 1991).

Other neurotransmitter systems such as sero-
tonin, endocannabinoid, or opioid may also be involved
in withdrawal, but research on these systems is limited.
A few studies suggest the involvement of the opioid sys-
tem. For example, naloxone precipitates somatic signs of
withdrawal in nicotine-dependent rats (Malin et al. 1993;
Watkins et al. 1999). Some studies also demonstrate the
involvement of the serotonin system (see “Antidepressant
and Antipsychotic Drugs and Nicotine Withdrawal” later
in this chapter).

Receptors and Behavioral Signs of Nicotine
Withdrawal

Studies document that administration of a variety
of nAChR antagonists induces behavioral signs of with-
drawal in addition to the neurochemical effects of with-
drawal in nicotine-treated rats. Systemic or intra-VTA
administration of mecamylamine or systemic or intra-
ventricular administration of chlorisondamine induced
somatic signs and/or elevation of reward threshold in
nicotine-dependent rats only (Hildebrand et al. 1999; Wat-
kins et al. 2000). Administration of the nAChR antagonist
DHBE, which is selective for high-affinity nAChRs con-
taining 4 (Harvey and Luetje 1996), induced threshold
elevations (Epping-Jordan et al. 1998; Bruijnzeel and Mar-
kou 2004) but did not induce increases in somatic signs in
nicotine-dependent rats (Epping-Jordan et al. 1998). This
finding demonstrates that the threshold elevations are not
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due to nonspecific performance effects of the antagonists.
Together, these results illustrate the involvement of
nAChRs in the VTA in both the somatic and affective
aspects of withdrawal.

In addition, work in knockout mice demonstrates a
critical role of 4 but not 2 nAChRs in the somatic signs
of withdrawal (Salas et al. 2004; Jackson et al. 2008). B2
nAChRs are critical for the reinforcing effects of nico-
tine (Picciotto and Corrigall 2002) and for the affective
signs of nicotine withdrawal, as reflected in anxiety-like
behavior and conditioned place aversion (Jackson et al.
2008). The «7 homomeric nAChRs may be involved in the
reinforcing effects of nicotine (Markou and Paterson
2001) and perhaps only in some somatic aspects but not
in the affective aspects of nicotine withdrawal (Markou
and Paterson 2001; Jackson et al. 2008). Specifically,
administration of the o7 nAChR antagonist methyl-
lycaconitine did not precipitate either the typical
somatic signs of nicotine withdrawal or the reward deficits
reflected in threshold elevations in nicotine-dependent
rats (Markou and Paterson 2001). However, in «7 knock-
out mice, no hyperalgesia was present during nicotine
withdrawal, an effect seen in wild-type mice during nic-
otine withdrawal (Jackson et al. 2008). However, these
a7 knockout mice showed normal levels of somatic and
affective signs of nicotine withdrawal. Thus, the role of a7
nAChRs may be limited to some somatic signs, including
hyperalgesia, of nicotine withdrawal. Finally, «4 nAChRs
have been shown to be involved in the reinforcing effects
of nicotine (Tapper et al. 2004). Their role in nicotine
withdrawal has not been clearly delineated, but it may
influence both affective and somatic withdrawal effects
(Salas et al. 2004; Gonzales et al. 2006; Jorenby et al. 2006;
Jackson et al. 2008). Overall, the observation that nAChR
antagonists precipitate the behavioral and neurochemical
signs of withdrawal in nicotine-dependent rats, but not
in controls, suggests that chronic exposure to nicotine
induces a compensatory reduction in endogenous cholin-
ergic tone that leads to the nicotine withdrawal syndrome.

Because glutamate stimulates dopamine release
(Schilstrom et al. 1998a; Mansvelder and McGehee 2000),
decreased glutamate transmission may mediate nico-
tine withdrawal. Systemic or intra-VTA administration
of the mGIuR subtype 2/3 (mGluR2/3) agonist LY314582
led to withdrawal-like threshold elevations in nicotine-
dependent rats but not in control rats (Kenny et al. 2003).
These mGIuR2/3 receptors are found primarily presyn-
aptically (i.e., on the transmitting neuron at the synap-
tic terminal that extends to the synapse, and the released
transmitters target the postsynaptic neuron), where they
inhibit glutamate transmission (Cartmell and Schoepp
2000; Kenny and Markou 2004). The increased sensitivity

of nicotine-dependent rats to an agonist at the pre-
synaptic inhibitory mGIuR2/3 suggests that nicotine
dependence is characterized by increased inhibition of glu-
tamate transmission through these receptors, resulting in
decreases in the release of glutamate when nicotine is no
longer present to stimulate glutamate release. Consistent
with this hypothesis, the mGIluR2/3 antagonist LY341495
reversed the threshold elevations observed in rats that
had spontaneous nicotine withdrawal (Kenny et al. 2003).
Similarly, activity decreased in postsynaptic a-amino-3-
hydroxy-5-methyl-4-isoxazole proprionic/kainate recep-
tors, although no adaptations in mGIluR5 receptors were
observed in nicotine-dependent rats (Kenny et al. 2003).
This result was somewhat surprising considering the
important role found for this receptor in the reinforc-
ing effects of nicotine (Paterson et al. 2003; Paterson and
Markou 2005). Taken together, all of the above findings
indicate that decreased glutamate transmission result-
ing from adaptations in presynaptic and postsynaptic
receptors may contribute to the affective aspects of nico-
tine withdrawal.

These data on the lack of adaptations in mGluR5
activity highlight the finding that not all systems involved
in the reinforcing effects of nicotine develop changes with
long-term exposure to nicotine. This notion is also sup-
ported by data demonstrating that there are no changes
in GABA transmission, GABAg receptor activity, or a7
nAChR activity in nicotine-dependent rats, despite the
important role of the GABAg receptor and possibly the a7
nAChR in the reinforcing effects of nicotine (Markou and
Paterson 2001; Paterson and Markou 2002; Paterson et al.
2004, 2005a,b).

Molecular Mechanisms

Activated nAChRs are permeable to both sodium
jons and Ca%*, which lead to activation of the neurons
and thus the release of many transmitters (Wonnacott
et al. 2005). The widespread brain activation induced by
acute or long-term administration of nicotine is shown by
the expression of C-FOS in areas such as the amygdala,
bed nucleus of the stria terminalis, lateral septum, hypo-
thalamic nuclei, striatum, parts of the cortex, superior
colliculus, optic tract, interpeduncular nucleus, supra-
mammillary nucleus, periaqueductal gray matter, nucleus
of the solitary tract, and locus coeruleus (Merlo Pich et
al. 1999). C-FOS—-related antigens are C-FOS proteins
that heterodimerize with C-JUN proteins to produce com-
plexes of activator protein-1 and transcriptionally regulate
large numbers of genes related to plasticity (Dobranzki et
al. 1991; Merlo Pich et al. 1997).
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Another protein researchers have studied exten-
sively is the cyclic adenosine monophosphate-response
element binding protein (CREB), because it is part of
the signaling cascade for several receptors, including
nAChRs (Nestler 2001). Acute treatment with nicotine
had no effect on levels of total CREB or phosphorylated
CREB (p-CREB). However, 18 hours after withdrawal
from long-term administration of nicotine, total concen-
trations of CREB and p-CREB decreased in the shell but
not in the core of the nucleus accumbens (Pluzarev and
Pandey 2004) and in the medial and basolateral amygdala
but not in the central amygdala (Pandey et al. 2001). The
high Ca2*+ permeability of nAChRs also leads to the stimu-
lation of additional intracellular messenger systems such
as calmodulin-dependent protein kinases, including Ca2*
calmodulin-dependent protein kinase II (CaMKII), which
is the most abundant kinase in the brain (Schulman and
Hanson 1993). Acute administration of nicotine in mice
induced increases in CaMKII expression in the spinal cord
that was involved in the antinociceptive effects of nicotine
(Damaj 2000).

These are a few examples of the molecular changes
observed after acute or long-term administration of
nicotine and on withdrawal from long-term administra-
tion. These molecular changes demonstrate that nicotine
induces changes in molecular mechanisms involved in
long-term plasticity. Such molecular effects are likely to
mediate several aspects of dependence on nicotine.

Clinical Imaging Studies

Clinical imaging studies have confirmed findings
from basic research in rodents and have provided addi-
tional critical information about brain sites and processes
involved in tobacco addiction in humans that cannot
readily be investigated in animals (e.g., hedonic responses
and craving). Some of the effects of nicotine in various
regions of the brain have also been described elsewhere
(see “Learning and Conditioning” earlier in this chap-
ter). Similar to other drugs of abuse, nicotine decreases
global glucose metabolism in the brain, as determined
by PET with [!8F]fluorodeoxyglucose (Stapleton et al.
2003). Long-term exposure to tobacco smoke also inhibits
MAOA and MAOB activity (Volkow et al. 1999). Congruent
with the suggested role of mesolimbic dopamine in the
rewarding effects of nicotine in rodents, PET studies with
[1C]raclopride indicate that cigarette smoking increased
dopamine levels in the striatum of smokers (Brody et
al. 2004b) and that the hedonic response of the smoker
to cigarette smoking was proportional to the dopamine
released in the striatum (Barrett et al. 2004). Other areas
activated by nicotine or smoking are the prefrontal
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cortex, ventral putamen, anterior cingulated cortex, supe-
rior parietal cortex, and thalamus (Kumari et al. 2003; Rose
et al. 2003b; Brody et al. 2004b; Fallon et al. 2004; Jacob-
sen et al. 2004; Brody 2006). Smoking-associated images
during inductions of craving that often lead to smoking
increased the functional magnetic resonance imaging sig-
nal in reward circuits such as the right posterior amyg-
dala, posterior hippocampus, VTA, and medial thalamus
(Due et al. 2002). As mentioned previously, long-term
administration of bupropion attenuated cue-induced crav-
ing and led to blunted activation of the perigenual and
ventral anterior cingulate cortex (Brody et al. 2004a).

Functional magnetic resonance imaging was used
in an interesting comparison of the effects of nicotine on
the brains of patients with schizophrenia and the brains
of control participants. Nicotine-induced activation of
the anterior cingulate cortex and bilateral thalamus was
greater in patients with schizophrenia than in control par-
ticipants during performance of a cognitive task (Jacob-
sen et al. 2004). This finding suggests that nicotine may
improve cognitive performance in patients with schizo-
phrenia by enhancing the thalamocortical functional con-
nectivity (Jacobsen et al. 2004) (see “Schizophrenia and
Nicotine Dependence” later in this chapter). Relevant
to the high prevalence of smoking among patients with
depression, smokers showed cortical responses suggesting
vulnerability to depression in a study that used tryptophan
depletion to increase the depressed mood in smokers (Per-
gadia et al. 2004).

Psychiatric Comorbidity

Antidepressant and Antipsychotic Drugs and
Nicotine Withdrawal

Another experimental approach used to identify sys-
tems that mediate nicotine withdrawal and dependence
is a study of pharmacologic manipulations that reverse
spontaneous nicotine withdrawal. Inferences can be made
regarding the underlying abnormality associated with
withdrawal through the mechanisms associated with the
pharmacotherapy. On the basis of the phenomenological
similarities among depression, the depression-like aspects
of nicotine withdrawal, and the negative symptoms of
schizophrenia, researchers hypothesize that overlapping
neurobiologic substrates may mediate these depressive
symptoms and that antidepressant and atypical antipsy-
chotic treatments would alleviate the depression-like
aspects of nicotine withdrawal (Markou et al. 1998;
Markou and Kenny 2002).

Such common substrates mediating nicotine depen-
dence and psychiatric disorders may explain the high
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prevalence of tobacco smoking among psychiatric popula-
tions. Compared with the percentage of smokers in the
general population (20 to 30 percent), a higher percentage
of mentally ill patients were smokers (26 to 88 percent,
depending on the mental illness) (Lasser et al. 2000),
particularly those with schizophrenia, depression, or
addiction to alcohol or other drugs (Hughes et al. 1986;
Glassman et al. 1990; Breslau 1995). For illustrative pur-
poses, substrates that mediate depression, schizophrenia,
and nicotine dependence are described in the follow-
ing sections.

Depression and Nicotine Dependence

Although the estimates vary across age, popula-
tion, and criteria for tobacco dependence, most estimates
suggest that the incidence of major depressive disorder
among smokers is approximately two to three times that
among nonsmokers (Hughes et al. 1986; Glassman et al.
1988, 1990; Kandel et al. 2001; Fergusson et al. 2003). A
history of major depression increased the risk for progres-
sion to daily smoking and nicotine dependence, and a his-
tory of daily smoking and nicotine dependence increased
the risk for major depression (Breslau et al. 1993b, 1998).
A depressed mood is one of the symptoms of tobacco
withdrawal syndrome experienced by a significant propor-
tion of persons who attempt to stop smoking (West et al.
1984; Hughes and Hatsukami 1992; APA 1994). Therefore,
tobacco smoking may be self-medication for either the
depression that preceded the drug use or the smoking-
induced depression (Pomerleau et al. 1978; Waal-Manning
and de Hamel 1978; Hughes et al. 1986; Glassman 1993;
Markou et al. 1998).

In particular, 5HT and the 5HTI1A receptors appear
to be critically involved in the mode of action of several
antidepressant drugs used clinically (Markou et al. 1998)
and may play a role in nicotine withdrawal (Kenny and
Markou 2001). Systemic administration of 5HT1A recep-
tor agonists, such as 8-hydroxy-2-dipropylaminotetralin
(8-OH-DPAT), exacerbated the increased startle response
observed during nicotine withdrawal, whereas 5HTIA
receptor antagonists (e.g., WAY-100635) alleviated this
increased response (Rasmussen et al. 1997, 2000). In addi-
tion, the responsiveness of dorsal raphe nucleus neurons
to 8-OH-DPAT increased during nicotine withdrawal (Ras-
mussen and Czachura 1997). Thus, nicotine withdrawal
may increase the inhibitory influence of somatodendritic
5HTIA autoreceptors in the raphe nuclei, and thereby
decrease the release of serotonin in the forebrain and lim-
bic brain sites (Benwell and Balfour 1979, 1982; Ridley
and Balfour 1997). This conclusion is supported by the
observation that a serotonergic antidepressant treatment
involving the coadministration of the selective serotonin

reuptake inhibitor fluoxetine and the 5HTIA receptor
antagonist p-MPPI [4-(2'-methoxy-phenyl)-1-[2'-(n-2"-
pyridinyl)-p-iodobenzamido]ethyl-piperazine] rapidly
reversed the elevation in thresholds of brain-stimulation
reward observed in rats with nicotine withdrawal, but the
treatment did not block the somatic signs of withdrawal
(Harrison et al. 2001). Consistent with this finding, the
5HTIA receptor partial agonist buspirone has shown lim-
ited efficacy in smoking cessation trials and may reduce
the severity of withdrawal in persons attempting to stop
smoking (West et al. 1991; Hilleman et al. 1992, 1994;
Schneider et al. 1996). In conclusion, like depressions not
induced by drugs, the depression-like aspects of nicotine
withdrawal may be at least partly mediated by a decrease
in monoaminergic transmission.

Consistent with the hypothesis that shared sub-
strates mediate nicotine dependence and depression,
clinical trials indicate that two of the antidepressant drug
treatments are efficacious aids for smoking cessation.
The atypical antidepressant bupropion, which primarily
inhibits the reuptake of dopamine, was more effective than
a placebo in clinical trials to achieve smoking cessation
(Fiore et al. 2008), and bupropion has been approved for
this use by the U.S. Food and Drug Administration (FDA).
Preclinical research suggests that bupropion reverses
both the depression-like and somatic aspects of nicotine
withdrawal (Cryan et al. 2003), although its effects on the
rewarding effects of nicotine are inconsistent (Bruijnzeel
and Markou 2003). In addition, the tricyclic antidepres-
sant nortriptyline, which primarily inhibits the reuptake
of norepinephrine, is recommended by WHO and the
U.S. Public Health Service (Fiore et al. 2008) as a smok-
ing cessation aid. In conclusion, similar monoaminergic
mechanisms appear to be involved in both depression and
nicotine dependence.

Schizophrenia and Nicotine Dependence

More than 80 to 90 percent of patients with schizo-
phrenia smoke compared with 20 to 30 percent of the
general population (Masterson and O’Shea 1984; Goff et
al. 1992; de Leon et al. 1995; Hughes 1996; Diwan et al.
1998). Persons with schizophrenia are commonly heavy
smokers (>1.5 packs of cigarettes per day); smoke high-tar
cigarettes, which are also high in nicotine content; and
extract more nicotine from cigarettes than do smok-
ers without schizophrenia (Masterson and O’Shea 1984;
Hughes et al. 1986; Olincy et al. 1997).

The mesolimbic dopamine system and its effer-
ent and afferent connections to other brain sites and
systems, particularly dopamine-glutamate interactions,
are strongly implicated in both the reinforcing effects of
nicotine and schizophrenia (Snyder 1976; Carlsson 1977).
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Abnormalities in these systems may render patients with
schizophrenia more susceptible to the rewarding effects
of nicotine (Chambers et al. 2001). Such patients may
use nicotine to counteract the cognitive and/or depres-
sion-like aspects of schizophrenia that are not effectively
treated with most antipsychotic drugs (Markou and Kenny
2002). Nicotine administration through tobacco smok-
ing ameliorated visuospatial cognitive deficits of patients
with schizophrenia (George et al. 2002) that involve the
prefrontal cortex (Funahashi and Kubota 1994; Goldman-
Rakic 1995; Callicott et al. 1998; Kikuchi-Yorioka and
Sawaguchi 2000; Manoach et al. 2000).

Two forms of sensory-gating deficits (the inability
to ignore or filter out irrelevant sensory information)
that patients with schizophrenia exhibit may be influ-
enced by actions on «7 or other nAChRs (Freedman et al.
1997; Adler et al. 1998). The two deficits are (1) auditory
P50 gating, a form of sensory blocking, and (2) prepulse
inhibition of the startle response. Thus, smoking may be
a form of self-medication to compensate for these gating
deficits. In support of this hypothesis, one study found
that acute nicotine treatment reversed disruptions in pre-
pulse inhibition induced in mice by the administration
of the N-methyl-p-aspartate receptor antagonist phency-
clidine, which mimics human psychosis (Spielewoy and
Markou 2003).

Nicotine administration may be a form of self-
medication for the depression-like negative symptoms of
schizophrenia. The atypical antipsychotic drug clozapine
treats the negative symptoms of schizophrenia most effec-
tively and has decreased tobacco smoking in some persons
without any encouragement to reduce smoking (George
et al. 1995). In addition, long-term pretreatment with clo-
zapine attenuated the severity of the nicotine withdrawal
syndrome in rats (Semenova and Markou 2003).

Summary and Future Directions

The VTA region of the brain and the dopamine neu-
rotransmitter are primarily responsible for the positive
reinforcing aspects of nicotine addiction. An increase in
dopamine levels is mediated by nicotine directly stimulat-
ing nAChRs, primarily «482 and «7 homomeric nAChRs
in the VTA. Nicotine stimulates nAChRs on glutamater-
gic terminals that release glutamate, an excitatory neu-
rotransmitter, which results in increased dopamine release
in the nucleus accumbens and the frontal cortex. Nicotine
also excites nAChRs on GABA-releasing terminals. Thus,
levels of GABA, an inhibitory neurotransmitter, are also
increased by nicotine. However, the interplay between
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the quick desensitization of nAChRs on the GABA neu-
ron and the higher doses of nicotine required to desensi-
tize nAChRs on the glutamate neuron results in a greater
increase in dopamine levels. A critical role may also be
played by nicotine-induced increases in norepinephrine
transmission, although the role of this transmitter sys-
tem in nicotine dependence has not been investigated as
extensively as that of the dopamine, glutamate, and GABA
systems. The role of endocannabinoids, serotonin, and
endogenous opiates in nicotine addiction is less certain.

The neurophysiology associated with withdrawal
symptoms may be based on the type of symptoms experi-
enced (e.g., somatic versus affective). The nAChRs appear
to be involved in both the somatic and affective compo-
nents of nicotine withdrawal. Animal studies suggest that
B4 plays an important role in the somatic symptoms of
withdrawal, whereas 2 seems to play a role in the affec-
tive symptoms of withdrawal. The neuronal subunit «7
may be involved only in some of the somatic (e.g., hyperal-
gesia) aspects of withdrawal. The role of ¢4 is unclear, but
it may influence both affective and somatic withdrawal
effects. Decreased mesolimbic dopaminergic transmis-
sion seems to mediate various aspects of the withdrawal
syndrome. Noradrenergic and serotonergic systems
may also play a role in withdrawal. Decreased glutamate
transmission appears to mediate the affective aspects of
withdrawal, but GABA transmission does not appear to
change with withdrawal. Although not discussed in this
section, some studies also suggest that a dysregulation
in the hypothalamic-pituitary axis occurs subsequent to
withdrawal (al’Absi et al. 2004), and this dysregulation
has been associated with relapse to smoking (al’Absi et al.
2005). In future research, the involvement of specific neu-
roreceptors and neurotransmitters relevant to the various
aspects of addiction needs to be differentiated (see “Physi-
ological Mechanisms and Indicators: Nicotine Tolerance,
Withdrawal, and Reinforcement” earlier in this chapter).

Finally, understanding the pathophysiology of
depression and schizophrenia, other psychiatric illnesses,
and substance abuse disorders, as well as the effects of
medications used to treat these disorders in smokers, may
enhance understanding of the pathophysiology of nicotine
addiction. Because of the high amount of overlap between
prevalence of nicotine dependence and comorbid psychi-
atric disorders, the similar monoamines affected by these
disorders, and the use of similar treatment medications,
it is possible that common substrates mediate nicotine
dependence and depression or schizophrenia, as well as
other psychiatric disorders and can provide insight into
effective treatments.
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Genetics

There is strong evidence for a genetic influence on
smoking behavior. Since the last Surgeon General’s report
on nicotine addiction (USDHHS 1988), knowledge has
significantly increased in this area. For example, estimates
of heritability have been determined for various pheno-
types of smoking behavior. Studies of molecular genetic
association and linkage studies were conducted to identify
loci that influence these phenotypes. Furthermore, phar-
macogenetic studies of smoking cessation were under-
taken to increase understanding of interactions between
genes and treatments. This research offers the possibility
of interventions for smoking cessation that are tailored to
individual genotypes.

Heritability of Smoking Behavior

Smoking behavior and nicotine addiction have gen-
erated far less research in behavioral genetics than have
other addictive behaviors such as alcoholism. This is
despite evidence from animal studies suggesting that key
factors—such as the number and distribution of nicotinic
receptors and the development of nicotine tolerance—are
under a strong genetic influence (Stitzel et al. 2000). The
evidence that does exist from studies of twins, adoption,
and separated twins, however, has consistently suggested
a strong genetic component in smoking behavior (Gilbert
and Gilbert 1995). Behavioral genetics studies enable the
contribution of genetic influences, environmental influ-
ence shared by persons such as twins or biologic relatives
(shared environmental influences), and environmental
influences unique to an individual (unique environmen-
tal influences) to be distinguished. The heritability coef-
ficient itself reflects the genetic contribution. According
to this evidence, inherited factors account for 28 to 85
percent of the observed variation in current smoking
behavior in the population from which the data were drawn
(Gilbert and Gilbert 1995). Researchers have suggested that
the evidence for a genetic influence on smoking behavior
is stronger than that for a genetic influence on alcohol-
ism (Heath et al. 1995). Moreover, these studies have also
indicated that these genetic factors relate to two aspects of
smoking behavior: initiation and persistence.

Smoking Initiation

By comparing concordance rates for being a current
or former smoker versus a lifetime nonsmoker, research-
ers can estimate the genetic contribution to smok-
ing initiation. Such comparisons suggest that genetic

contributions to smoking initiation are substantial. For
example, one study (Heath et al. 1995) reports heritability
coefficients for smoking initiation of 0.44 in women and
0.51 in men in a sample of Swedish adults born between
1926 and 1958. This study also reports a strong influence
of shared environmental factors on both smoking ini-
tiation and persistence, with little evidence of a role for
unique environmental influences. Many additional stud-
ies have confirmed the heritability of smoking initiation,
as well as smoking persistence and nicotine dependence
(True et al. 1997; Kendler et al. 1999). Although the overall
conclusion is robust, the specific heritability coefficients
reported by individual studies are highly variable, ranging
from less than 0.30 to more than 0.80 (Sullivan and Kend-
ler 1999). This finding may be attributable to differences
in the definitions of smoking initiation across studies. For
example, current and former smokers are combined into
a single “ever smoking” category in some studies, but not
in others, and some studies require a threshold of expo-
sure (e.g., 100 cigarettes smoked) and others do not have
this requirement. Lack of critical attention to definition of
phenotype may lead to inconsistencies across studies and
to misleading conclusions.

The role of shared environmental influences on
initiation of smoking and persistence in smoking is also
inconsistent across populations, and some studies report
minimal shared environmental influences (Heath et al.
1993). Differences in heritability coefficients by gender
are generally not reported or are minimal, although one
study (Hamilton et al. 2006) that tested differences by
gender in the magnitude of genetic and environmental
effects in a large cohort of twins indicated significantly
higher heritability for smoking initiation in males than
in females but no significant differences for smoking per-
sistence. In that study, heritability for smoking initiation
was defined as having smoked 100 or more cigarettes over
their lifetime. In contrast, however, one meta-analysis (Li
et al. 2003) reported higher heritability for smoking initia-
tion in females than in males and higher heritability for
smoking persistence in males than in females. Together,
the evidence supports the importance of both genetic and
shared environmental factors on smoking initiation. How-
ever, the relative importance of these factors is highly vari-
able across populations. For example, one study reports
different heritability coefficients for smoking behaviors in
African Americans compared with White Americans (True
et al. 1997). Nevertheless, evidence from non-Western
cultures (Niu et al. 2000) suggests that the genetic
influence on smoking behavior remains an important risk
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factor even in populations with much higher prevalence of
smoking (e.g., in China). Reported heritability coefficients
may vary with environmental factors such as the preva-
lence of smoking. For example, some of the highest heri-
tability coefficients for smoking initiation are reported in
studies on the population of twins during the Vietnam era,
in which the participants were members of the U.S. Army
at a time when smoking prevalence in the military was
very high (True et al. 1997). This natural experiment, in
which environmental variation in smoking initiation was
minimized, may account for the high heritability coeffi-
cients in this study.

Smoking Persistence and Nicotine Dependence

Understanding smoking initiation is important to
elucidate the etiology of nicotine addiction. However,
smoking persistence is responsible for the adverse health
consequences of smoking. The evidence for a genetic
influence on smoking persistence (i.e., studies comparing
current smokers with former smokers) is also strong. Sev-
eral studies reported heritability coefficients of more than
0.50 for smoking persistence (Heath and Martin 1993)
and nicotine dependence (Broms et al. 2007) in both
men and women, and some studies (Sullivan and Kendler
1999; Vink et al. 2004) reported heritabilities of more than
0.70 for nicotine dependence. Studies of multiple indices
of nicotine dependence (Lessov et al. 2004) indicate that
salient behavioral indices are similar for women and men,
with measures such as time to the first cigarette in the
morning and the number of cigarettes smoked per day
that may represent the most highly heritable symptoms
of nicotine dependence for both women and men. Inter-
preting these results is complicated because genetic fac-
tors that influence smoking initiation may also influence
smoking persistence and subsequent dependence. Some
data (True et al. 1999) also suggest a common genetic
vulnerability to nicotine and alcohol dependence in men.
The balance of evidence suggests that the risk of smoking
initiation is influenced by both genetic and environmental
factors (True et al. 1997). However, the risk of smoking
persistence is more strongly a function of genetic factors
and some of the genetic influences on smoking behavior
contribute to a risk for both smoking initiation and per-
sistence (Kendler et al. 1999). Few studies have directly
assessed the heritability of smoking cessation. However,
one research study (Xian et al. 2003, 2005) indicated a
heritability of 0.54 for failed smoking cessation, and an-
other (Broms et al. 2006) suggests that genetic factors are
related to the number of cigarettes smoked per day and to
smoking cessation but are largely independent of smok-
ing initiation. Another study (Pergadia et al. 2006) has
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reported genetic influences specific to nicotine with-
drawal, which may contribute both to smoking persis-
tence and smoking cessation. However, because evidence
from studies of twins and of adoption strongly indicates
a genetic component in other aspects of smoking behav-
ior, smoking cessation may also be strongly influenced by
genetic factors.

Molecular Genetic Research on
Smoking Behavior

Consistent evidence for the heritability of smok-
ing behaviors led to molecular genetic studies designed
to elucidate the specific genetic factors and biologic
mechanisms involved in nicotine addiction. Two general
scientific approaches to address this question include
genetic linkage analysis and candidate gene studies. In
linkage analysis, genetic variants or markers throughout
the genome are tested within families (e.g., sibling pairs)
and examined to identify markers that cosegregate with
the trait of interest (e.g., nicotine dependence). This is a
hypothesis-generating approach and does not require a
priori knowledge about the biologic pathways involved.
In contrast, studies of candidate genes, which are based
on associations, use case-control methods to compare
the prevalence of variants of candidate genes in two
unrelated groups—for example, personswhoare dependent
on nicotine and those who are not dependent on nicotine.
Although case-control studies have greater statistical
power and are less costly than linkage analysis, such stud-
ies are not designed to identify novel genetic loci.

Cigarette smoking and nicotine dependence are
complex traits arising from the interplay of multiple
genetic and environmental influences. As mentioned previ-
ously (see “Definition of Nicotine Addiction” earlier in this
chapter), definition of phenotypeisacritical factoringenetic
studies. Many genes are likely involved in smoking—for
example, genes that influence the positive rewarding
effects of nicotine, those that contribute to withdrawal
symptoms and the negative reinforcing effects of nicotine
(Pomerleau 1995), and those that determine general sus-
ceptibility to addiction (Nestler 2000). Interacting effects
such as personality and environment are likely to also
play an important role (Heath et al. 1995). Issues such as
population heterogeneity (e.g., age, gender, and ethnic-
ity) and bias (false positives results) introduced by ethnic
admixture in study populations may also have a substan-
tial impact on the outcome of association-based studies
and may contribute to problems in replicating results
(Munafo and Flint 2004).
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Table 4.5 Genetic linkage studies of smoking behavior phenotypes
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Table 4.5 Continued

Linkage Studies

Representative genetic linkage studies of smoking
behavior phenotypes up to mid-2005 are shown in Table
4.5, although several of these report data from the same
study samples (e.g., Collaborative Studies on the Genet-
ics of Alcoholism and the Framingham Heart Study).
Despite the success of linkage approaches in unraveling the
genetic antecedents of disease (Menzel 2002), these initial
findings about smoking behavior have not been consis-
tent. Potential explanations include lack of refinement in
phenotype definition and the relatively small sample sizes
in some studies of smoking behavior. Subsequent studies
have taken into account the complexity and heterogeneity
of the nicotine dependence phenotype by using alternate
measures, such as heavy smoking, severity of withdrawal,
and history of smoking cessation (Li et al. 2006; Swan et
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al. 2006). These data suggest that different genetic loci
are linked to different measures and support a multidi-
mensional concept of the nicotine dependence phenotype
(Swan et al. 2006).

In addition to linkage studies, investigations using
an approach of genomewide association can also reveal
promising novel candidate genes for nicotine depen-
dence (Bierut et al. 2007). With advancements in geno-
typing technology, phenotype definition, and analytic
approaches, both case-control studies and linkage analysis
will likely identify an increasing number of associations
with novel variants important in nicotine dependence
(Li 2006). Examples include NTRK2 (Beuten et al. 2007),
GABARAP (Lou et al. 2007), CHRNA5 (Saccone et al.
2007), and ANKK1 (Gelernter et al. 2006).
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Candidate Gene Studies

A variety of plausible candidate genes have been
examined for associations with smoking behavior. Most
of these studies have focused on genetic variations in
relevant neurotransmitter pathways, nicotine-metabo-
lizing enzymes, or nAChRs. Genetic variants of relevant
neurotransmitter pathways may have more generalized
influences on addictive behaviors. Genes for nicotine-
metabolizing enzymes and nAChRs may be specific for
effects on nicotine dependence.

Nicotine Metabolism

To date, more than 20 published studies of candidate
genes have investigated genes involved in the nicotine
metabolism pathway (Table 4.6). Most of these studies in-
vestigated CYP2A6, for which researchers have identified
functional genetic variants (Xu et al. 2002). Variants asso-
ciated with *NULL activity (e.g., *2/*4) or reduced activity
(*9/*12) are associated with reduced levels of the CYP2A6
enzyme and slower rates of nicotine metabolism, result-
ing in higher plasma nicotine levels from a given dose
of nicotine (Malaiyandi et al. 2006). Thus, persons who
carry these low activity alleles tend to have a lower risk of
becoming smokers and, if they smoke, have slower rates
of nicotine metabolism and tend toward reduced ciga-
rette consumption compared with persons with a wild-
type genotype (e.g., *1/*I). Furthermore, evidence from a
meta-analysis that compared current versus former smok-
ers suggests that the CYP246 alleles for reduced activity
may increase the likelihood of smoking cessation (Munafo
et al. 2004). However, the results are not consistent within
or across all studies (Table 4.6). These inconsistencies may
be attributable to relatively small sample sizes in some
studies and differences in definition of phenotype and eth-
nic ancestry and genetic background.

Some studies investigated other cytochrome genes
(CYP2D6 and CYP2EI), but evidence for a significant
and reproducible role of these variants has not emerged,
perhaps because the role of these enzymes in nicotine
metabolism is limited.

Neuronal Nicotinic Receptors

Researchers have examined several genes for nAChR
subunits to discover associations with smoking status
(Table 4.7). The genes CHRNA4, CHRNA7, and CHRNB2
code for the a4, «7, and B2 subunits, respectively. How-
ever, because the functional relevance of variation in
these genes is not known, these studies have explored
associations of single nucleotide polymorphisms (SNPs)
of unknown functional significance. To date, there is no

evidence for associations of SNPs in the CHRNB2 gene
with smoking behavior. However, two studies provide
evidence for the role of CHRNA4 in nicotine dependence
(Feng et al. 2004; Li et al. 2005). A small study of smok-
ers with schizophrenia indicated that the CHRNA7 gene
may be associated with smoking status. The relevance
of this finding in the general population of smokers is
unknown. However, studies have reported that these
nAChR subtypes play a role in reinforcing the effects of
nicotine and possibly withdrawal (see “Pathophysiology
of Nicotine Addiction” earlier in this chapter). Moreover,
because of the history of failure to replicate initial sig-
nificant findings, these single studies require replication
before the evidence can be considered to be confirmed.

Recently, genomewide scans have revealed an asso-
ciation of novel genes, such as NRXNI and NRXN3, with
nicotine dependence (Bierut et al. 2007). In addition,
genomewide association and candidate gene studies have
identified associations of smoking behavior and nico-
tine dependence with SNPs in the CHRNA5/CHRNA3/
CHRNB4 gene cluster and in CHRNB3, which code for the
nicotinic receptor subunits &5, «3, 34 and (3, respectively
(Saccone et al. 2007; Berrettini et al. 2008; Bierut et al.
2008; Grucza et al. 2008; Sherva et al. 2008; Stevens et al.
2008; Thorgeirsson et al. 2008; Weiss et al. 2008; Caporaso
et al. 2009; Chen et al. 2009).

Dopaminergic and Serotonergic
Neurotransmitter and Receptor Systems

A large number of candidate gene studies have
investigated genes involved in the dopamine pathway,
and most have investigated the gene for the dopamine
receptor D2 (DRDZ2) (Table 4.8). Most studies of the DRD2
*TAQIA polymorphism have reported an association with
smoking behavior, typically smoking status, but a sub-
stantial number have shown no association. Moreover, the
functional significance of the *7AQIA polymorphism re-
mains unclear, although there is some reported evidence
for an association with the density of D2 receptors in the
brain. One study investigated the functional DRD2-141C
*INS/*DEL polymorphism and reported a significant
association with smoking status (Yoshida et al. 2001). A
modest number of studies have investigated other genes
for dopamine receptors (DRDI, DRD4, and DRD5), DAT,
and genes involved in dopamine synthesis and metabo-
lism, including tyrosine hydroxylase (an enzyme that con-
verts amino acid L-tyrosine to dihydroxyphenylalanine, a
precursor of dopamine), DBH (an enzyme that converts
dopamine to norepinephrine), and COMT (an enzyme that
degrades dopamine).
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(Canada)

inhaled

Table 4.6 Studies of candidate genes for nicotine metabolism and smoking behavior
Population
Study Dominant
(country) Study group Controls ancestry Gene
Cholerton et al. 1996 100 current smokers 104 lifetime nonsmokers NR CYP2D6
(United Kingdom)
Boustead et al. 1997 100 current smokers None NR CYP2D6
(United Kingdom)
Pianezza et al. 1998 164 nicotine-dependent 184 nonnicotine-dependent and European CYP2A6
(Canada) smokers former smokers
80 alcohol- and tobacco-
dependent smokers
London et al. 1999 299 current or former 161 lifetime nonsmokers NR CYP2A6
(United States) smokers
Gu et al. 2000 142 current smokers 501 former smokers European CYP2A6
(United Kingdom) 389 lifetime nonsmokers
Rao et al. 2000 292 current smokers NA European CYP2A6
(Canada)
Saarikoski et al. 2000 85 current smokers 236 variable smokers European CYP2A6
(Finland) 264 lifetime nonsmokers
Tiihonen et al. 2000 285 current smokers 680 former smokers or lifetime European CYP2A6
(Finland) nonsmokers
Loriot et al. 2001 65 current smokers 142 former smokers European CYP2A6
(United States)
Schulz et al. 2001 130 current smokers 108 former smokers European CYP2A6
(Germany) 109 lifetime nonsmokers
Tan et al. 2001 380 persons who ever 246 lifetime nonsmokers East Asian CYP2A6
(China) smoked
Zhang et al. 2001 96 current smokers 141 nonsmokers East Asian CYP2A6
(Japan)
Ando et al. 2003 57 current smokers 44 former smokers East Asian CYP2A6
(Japan) 139 lifetime nonsmokers
Howard et al. 2003 1,512 smokers and NA Multiple CYP2E1
(Canada) nonsmokers (stratified)
Minematsu et al. 2003 92 current smokers 123 nonsmokers East Asian CYP2A6
(Japan) 111 former smokers
Fujieda et al. 2004 1,705 smokers NA East Asian CYP2A6
(Japan)
Iwahashi et al. 2004 103 smokers NA East Asian CYP2A6
(Japan) 101 nonsmokers
O’Loughlin et al. 2004 228 adolescents who NA European CYP2A6
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Study

(country) Polymorphism Primary phenotype Main findings

Cholerton et al. 1996 *3, *4A, *5 Smoking status No association with smoking status

(United Kingdom)

Boustead et al. 1997 *3, *4A, *5 Cigarettes/day Association with nicotine dependence

(United Kingdom) Nicotine dependence

Pianezza et al. 1998 *], %2, %3 Nicotine dependence Association with nicotine dependence (dependent
(Canada) vs. nondependent smokers) and amount smoked
London et al. 1999 i, 2, ¥ Smoking status Marginal association with smoking status (lifetime

(United States)

Gu et al. 2000
(United Kingdom)

Rao et al. 2000
(Canada)

Saarikoski et al. 2000
(Finland)

Tiihonen et al. 2000
(Finland)

Loriot et al. 2001
(United States)

Schulz et al. 2001
(Germany)

Tan et al. 2001
(China)

Zhang et al. 2001
(Japan)

Ando et al. 2003
(Japan)

Howard et al. 2003
(Canada)

Minematsu et al. 2003
(Japan)

Fujieda et al. 2004
(Japan)

Iwahashi et al. 2004
(Japan)

O’Loughlin et al. 2004
(Canada)

*], *2, *NULL
(allele not stated)

*] 2 %
duplication

¥, %2, %3, *4B,
#4C, ¥5, *10, *16

*NULL (allele not

stated)

*1} *2, *4

*1, *2, *3

*] %4

*1, *DEL

*1A, *1B, *4C

*1C, *1D

*1, *3, *DEL
*1A, *1B, *4, *7,
*9, *¥10, *11

*1A, *1B, *4C

*1, *2, *4, *9, *12

Cigarettes/day

Smoking status
Cigarettes/day

Cigarettes/day

Smoking status

Smoking status
Cigarettes/day

Cigarettes/day

Smoking status
Cigarettes/day

Smoking status
Pack-years?

Smoking status
Cigarettes/day

Smoking status
Cigarettes/day

Nicotine dependence
Cotinine levels/cigarette
Cigarettes/day

Smoking status
Pack-years

Cigarettes/day

Smoking status

Nicotine dependence
Cigarettes/day

nonsmokers vs. current and former smokers)

Association with smoking status (former vs.
current smokers and lifetime nonsmokers)

Association with cigarettes/day

Association with smoking status (heavy vs.
variable smokers and lifetime nonsmokers)

No association with smoking status or cigarettes/
day

No association with cigarettes/day

No association with smoking status or cigarettes/
day

No association with smoking status or pack-years

No association with smoking status or cigarettes/
day

No association with smoking status or cigarettes/
day

Association with nicotine dependence in those of
East Asian ancestry and cotinine concentrations/
cigarette in those of African ancestry

Association with pack-years among current and
former smokers

Association with cigarettes/day

Association with smoking status

Association with increased risk of acquisition of
nicotine dependence, but reduced cigarettes/day
among those who become dependent
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Table 4.6 Continued
Population

Study Dominant
(country) Study group Controls ancestry Gene
Schoedel et al. 2004 375 current smokers 224 nonsmokers European CYP2A6
(Canada)
Vasconcelos et al. 2005 144 current smokers 207 nonsmokers Mixed CYP2A6
(Brazil) 61 former smokers

Note: NA = not applicable; NR = data not reported.

aPack-years = the number of years of smoking multiplied by the number of packs of cigarettes smoked per day.

Table 4.7 Studies of candidate genes for neuronal nicotine receptors and smoking behavior

Population

Study Dominant
(country) Study group Controls ancestry Gene
Silverman et al. 2000 317 high- and 238 low-nicotine 317 nonsmokers European CHRNB2
(United States) dependent smokers
Lueders et al. 2002 184 current smokers 132 former smokers European CHRNB2
(United States) 427 lifetime nonsmokers
De Luca et al. 2004 108 current smokers 69 current nonsmokers European CHRNA7
(Canada) with schizophrenia with schizophrenia
Feng et al. 2004 577 male smokers from Family-based design East Asian CHRNA4
(China) 206 families
Li et al. 2005 1,568 smokers from Family-based design European and CHRNA4
(United States) 602 families African CHRNB2

Of the published studies of candidate genes involved
in the serotonin pathway, eight investigated 5SH7T, and
three investigated TPH, which is involved in serotonin
synthesis (Table 4.9). All but one study of the functional
SHTTLPR polymorphism found an association with smok-
ing behavior. Three additional studies investigated the
MAOA gene, which is involved in metabolism of both
dopamine and serotonin and in norepinephrine path-
ways. Two of the three studies reported an association
with smoking behavior that included both smoking sta-
tus and cigarette consumption. Other studies of candidate
genes are summarized in Table 4.10. Research is notably
lacking on genes involved in glutamatergic and GABA-
ergic mechanisms, despite basic research indicating the
neurobiologic effects of nicotine on these systems. One
study (Beuten et al. 2005) reports a significant association
between a haplotype of SNPs in the GABAp, gene and nic-
otine dependence.
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In summary, a few candidate genes appear to be
associated with smoking behavior. Meta-analysis is a
potentially powerful tool for assessing population-wide
effects of candidate genes on complex behavioral phe-
notypes, such as smoking, although such meta-analysis
requires that the phenotypes examined across studies
are similar. It may also provide evidence for unrevealed
diversity, such as heterogeneity in apparently similar
populations (Munafo and Flint 2004). Despite the large
number of studies reporting on the association between
specific candidate genes and smoking behavior, one meta-
analysis (Munafo et al. 2004) highlights the lack of depth
of the research compared with the breadth that exists.
The conclusion is that the “...evidence for a contribu-
tion of specific genes to smoking behavior remains mod-
est” (p. 583). In this analysis, 5SHTT and CYP2A6 were the
only candidate genes for which there was evidence of an
association with smoking behavior. Studies published
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Study
(country)

Polymorphism

Primary phenotype

Main findings

Schoedel et al. 2004
(Canada)

Vasconcelos et al. 2005

*1A, *1B, *2, *4, *5, *6, Smoking status

*7, %8, *9, *10, *12
*1A, *1B, *2, *4, *9

Cigarettes/day

Smoking status

Association with smoking status and
cigarettes/day

Association with smoking status (current and

(Brazil) former smokers vs. nonsmokers) among those
of European and mixed ancestry

Study

(country) Polymorphism Primary phenotype Main findings

Silverman et al. 2000 Multiple Smoking status No association with smoking status or

(United States) Nicotine dependence nicotine dependence

Lueders et al. 2002 Haplotype Smoking status No association with smoking status or

(United States) Nicotine dependence nicotine dependence

De Luca et al. 2004 D15S1360 Smoking status Association with smoking status (current

(Canada) smokers vs. nonsmokers)

Feng et al. 2004 Haplotype Nicotine dependence Association with nicotine dependence

(China)

Li et al. 2005 Haplotype Nicotine dependence Association of CHRNA4 gene with nicotine

(United States) Haplotype dependence

No association with CHRNBZ2 gene

more recently strongly indicate that SNPs in the CHRNA5/
A3/B4 gene cluster are associated with smoking behavior
and nicotine dependence (Berrettini et al. 2008; Bierut et
al. 2008; Grucza et al. 2008; Sherva et al. 2008; Stevens
et al. 2008; Thorgeirsson et al. 2008; Weiss et al. 2008;
Caporaso et al. 2009; Chen et al. 2009; Saccone et al. 2009).
Nonetheless, the relatively small effects and evidence for
substantial heterogeneity between studies suggest that
extreme care is necessary in the design of case-control
studies of genetic association.

Pharmacogenetic Approaches

The basic premise of the pharmacogenetic approach
is that inherited differences in drug metabolism and drug
targets have important influence on the toxic effects and
the efficacy of treatment (Evans and Relling 1999; Poolsup

et al. 2000). Advantages of a pharmacogenetic approach to
the study of smoking cessation treatments include (1) use
of more refined phenotypes for genetic analyses, which is
facilitated by prospective assessment of withdrawal symp-
toms, side effects of treatment, and measures of the level
of reward from nicotine; (2) use of various treatment con-
ditions to aid smoking cessation; and (3) use of experi-
mental designs that control the dosing and timing of the
therapy (Lerman and Niaura 2002; Munafo et al. 2005b;
Caporaso et al. 2009).

Nicotine Replacement Therapy

To date, two pharmacogenetic trials of NRT have
been conducted. One placebo-controlled trial using the
nicotine patch by a large group of general practice phy-
sicians in the United Kingdom (Johnstone et al. 2004b;
Yudkin et al. 2004) focused on variations in the dopa-
mine pathway, including the DBH and DRD2 genes. The
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Table 4.8 Studies of candidate genes for dopamine and smoking behavior
Population
Study Dominant
(country) Study group Controls ancestry Gene
Noble et al. 1994 57 current smokers 115 former smokers European DRD2
(United States) 182 lifetime nonsmokers
Comings et al. 1996 312 current smokers 714 lifetime nonsmokers European DRD2
(United States)
Comings et al. 1997 371 current smokers 126 lifetime nonsmokers European DRDI
(United States) DRD2
Lerman et al. 1997 315 current smokers 232 lifetime nonsmokers European TH
(United States)
Shields et al. 1998 283 current smokers 192 lifetime nonsmokers European and DRD4
(United States) African
Singleton et al. 1998 104 current smokers 117 lifetime nonsmokers NR DRD2
(United Kingdom)
Spitz et al. 1998 46 current smokers 67 former smokers European DRD2
(United States) 13 lifetime nonsmokers
Lerman et al. 1999 289 current smokers 233 lifetime nonsmokers European and DRD2
(United States) African DAT
Sabol et al. 1999 283 current smokers 231 former smokers European DAT
(United States) 593 lifetime nonsmokers
Batra et al. 2000 110 nicotine-dependent 60 nonnicotine-dependent or NR DRD2
(Germany) smokers light smokers
Bierut et al. 2000 388 habitual smokers Family-based study European DRD2
(United States) 566 nonhabitual smokers
Costa-Mallen et al. 2000 152 newly diagnosed 231 with no history of European DRD2
(United States) Parkinson’s disease patients Parkinson’s or other
neurodegenerative disease

Jorm et al. 2000 198 current smokers 211 former smokers European DAT
(Australia) 452 lifetime nonsmokers
McKinney et al. 2000 225 current smokers No controls European DBH
(United Kingdom) MAOA

comT
Wu et al. 2000 73 current smokers 61 former smokers European and DRD2
(United States) 88 lifetime nonsmokers African
Sullivan et al. 2001 595 current smokers 338 lifetime nonsmokers European DRD5
(United States)
Yoshida et al. 2001 77 current smokers 57 former smokers East Asian DRD2
(Japan) 198 lifetime nonsmokers
David et al. 2002 266 current smokers 270 former smokers NR comr

(United Kingdom)
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Study

(country) Polymorphism Primary phenotype Main findings

Noble et al. 1994 *TAQIA Smoking status Association with smoking status (current and former

(United States) smokers vs. lifetime nonsmokers)

Comings et al. 1996 *TAQIA Smoking status Association with smoking status

(United States)

Comings et al. 1997 DDE1 Smoking status Association of DRDI and DRD2 genes with smoking status

(United States) *TAQIA Packs/day and packs/day

Lerman et al. 1997 VNTR Smoking status No association with smoking status

(United States)

Shields et al. 1998 VNTR Smoking status Association with smoking status in participants of African

(United States) Cigarettes/day ancestry

Singleton et al. 1998 *TAQIA Smoking status No association with smoking status or nicotine dependence

(United Kingdom) Nicotine dependence

Spitz et al. 1998 *TAQIA Smoking status No association with smoking status

(United States) TAQIB _Age‘at.smokmg Association of both polymorphisms with age at smoking

initiation e -

initiation

Lerman et al. 1999 *TAQIA Smoking status Association of DAT and DRDZ2 genes with smoking status in

(United States) VNTR participants of European ancestry

Sabol et al. 1999 VNTR Smoking status Association with smoking status (current vs. former

(United States) smokers)

Batra et al. 2000 FOK1 Smoking status Association of FOKI polymorphism with smoking status

(Germany) *TAQIA (nicotine-dependent vs. nonnicotine-dependent or light
smokers)

Bierut et al. 2000 *TAQIA Smoking status No association with smoking status

(United States) *INTRON 2

Costa-Mallen et al. *TAQIA Smoking status No association with smoking status

2000 *TAQIB

(United States)

Jorm et al. 2000 VNTR Smoking status No association with smoking status

(Australia)

McKinney et al. 2000 G13684 Cigarettes/day Association of DBH and MAOA genes with cigarettes/day

(United Kingdom) CI1460T A1947G

(*VAL/*MET)

Wu et al. 2000 *TAQIA Smoking status Association of both polymorphisms with smoking status

(United States) *TAQIB Cigarettes/day (current vs. former smokers and lifetime nonsmokers) and
cigarettes/day

Sullivan et al. 2001 Haplotype Smoking status No association with smoking status

(United States) Nicotine dependence  Association with nicotine dependence, although marginal

Yoshida et al. 2001 *TAQIA Smoking status Association of TAQIA polymorphism only with smoking

(Japan) -141C *INS/*DEL status (current vs. former smokers and lifetime
nonsmokers)

David et al. 2002 Al1947G Smoking status No association with smoking status

(United Kingdom) (*VAL/*MET)
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Table 4.8 Continued
Population
Study Dominant
(country) Study group Controls ancestry Gene
Hamajima et al. 2002 226 current smokers 133 former smokers East Asian DRD2
(Japan) 434 lifetime nonsmokers
Johnstone et al. 2002 1,524 current smokers NA European DEH
(United Kingdom) MAOA
Qi et al. 2002 174 current smokers 152 former smokers and East Asian DRD2
(China) lifetime nonsmokers
Vandenbergh et al. 2002 98 current smokers 153 former smokers European DAT
(United States) 114 nonsmokers
214 lifetime nonsmokers
Ito et al. 2003 147 current smokers 99 former smokers East Asian MAOA
(Japan) 258 lifetime nonsmokers MAOB
Lee et al. 2003 94 current smokers 93 lifetime nonsmokers East Asian DRD2
(South Korea)
Anney et al. 2004 51 nicotine-dependent 186 nonnicotine-dependent European TH
(Australia) smokers smokers
Audrain-McGovern et al. 292 adolescents who ever NA European DRD2
2004a smoked DAT
(United States)
Johnstone et al. 2004b 732 current smokers 243 lifetime nonsmokers European DRD2
(United Kingdom)
Ling et al. 2004 668 current smokers Family-based study East Asian DAT
(China)
Luciano et al. 2004 769 current smokers and Family-based study European DRD4
(Australia) nonsmokers
Olsson et al. 2004 77 nicotine-dependent 39 nonnicotine-dependent European TH
(Australia) smokers smokers
Colilla et al. 2005 277 female current smokers 505 female former smokers European and comT
(United States) African
Costa-Mallen et al. 2005 232 persons who ever 158 lifetime nonsmokers European DRD2
(United States) smoked MAOB
Elovainio et al. 2005 37 current smokers 113 nonsmokers European DRD4
(Finland)
Freire et al. 2006 220 alcoholic and 112 nonsmokers European DRD2
(Brazil) nonalcoholic smokers DpH
Laucht et al. 2005 184 adolescents who ever 119 adolescent lifetime European DRD4
(Germany) smoked nonsmokers
Zetteler et al. 2005 141 current smokers NA European DpH
(United Kingdom)

Note: NA = not applicable; NR = data not reported.
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Study
(country) Polymorphism Primary phenotype Main findings
Hamajima et al. 2002 MBO1 Smoking status Association of TAQIA polymorphism only with smoking
(Japan) *TAQIA status in men (current vs. former smokers and lifetime
nonsmokers)
Johnstone et al. 2002 G1368A Cigarettes/day No association with cigarettes/day
(United Kingdom) C1460T
Qi et al. 2002 *TAQIA Smoking status Association of *TAQIA polymorphism only with cigarette
(China) *TAQIB Cigarettes/day use
No association with smoking status
Vandenbergh et al. VNTR Smoking status Association with smoking status (lifetime nonsmokers vs.
2002 former and current smokers)
(United States)
Ito et al. 2003 VNTR Smoking status Association of MAOA gene with smoking status among
(Japan) A644G Nicotine dependence  women and nicotine dependence among men
Lee et al. 2003 *TAQIA Smoking status Association with smoking status
(South Korea) Evidence of heterosis in women
Anney et al. 2004 VNTR Nicotine dependence  Association with nicotine dependence
(Australia)
Audrain-McGovern et *TAQIA Smoking status Association of DRD2 gene with smoking progression in
al. 2004a VNTR Smoking those exposed to nicotine
(United States) progression
Johnstone et al. 2004b *TAQIA Smoking status No association with smoking status or cigarettes/day
(United Kingdom) Cigarettes/day
Ling et al. 2004 *RS27072 Nicotine dependence  No association with nicotine dependence
(China) Age at smoking Association with age at smoking initiation among nicotine-
initiation dependent smokers only
Luciano et al. 2004 VNTR Smoking status No association with smoking status or cigarettes/day
(Australia) Cigarettes/day
Olsson et al. 2004 VNTR Nicotine dependence  Association with nicotine dependence
(Australia)
Colilla et al. 2005 A1947G Smoking status Association with smoking status
(United States) (*VAL/*MET)
Costa-Mallen et al. *TAQIB Smoking status No association with smoking status, although there was
2005 A644G interactive effect between DRD2 and MAOB genes in men
(United States)
Elovainio et al. 2005 VNTR Smoking status Association with smoking status
(Finland)
Freire et al. 2006 *TAQIA Smoking status Association of DRD2 gene with smoking status
(Brazil) C1021T Marginal association of DBH gene with smoking status
Laucht et al. 2005 VNTR Smoking status Association with smoking status and daily smoking in men
(Germany) Daily smoking
Zetteler et al. 2005 G1368A Nicotine dependence  Association with nicotine dependence
(United Kingdom)
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Table 4.9 Studies of candidate genes for serotonin and smoking behavior
Population

Study
(country) Study group Controls Dominant ancestry  Gene
Lerman et al. 1998 268 current smokers 230 lifetime nonsmokers European and SHTT
(United States) African
Ishikawa et al. 1999 202 current smokers 103 former smokers East Asian SHTT
(Japan) 82 lifetime nonsmokers
Hu et al. 2000 177 current smokers 124 former smokers European SHTT
(United States) 458 lifetime nonsmokers
Lerman et al. 2000 185 current smokers None European and SHTT
(United States) African
McKinney et al. 2000 225 current smokers None European MAOA
(United Kingdom)
Lerman et al. 2001 249 current smokers 202 lifetime nonsmokers European TPH
(United States)
Johnstone et al. 2002 1,524 current smokers None European MAOA
(United Kingdom)
Ito et al. 2003 147 current smokers 99 former smokers East Asian MAOA
(Japan) 258 lifetime nonsmokers MAOB
Mizuno et al. 2004 233 current smokers 135 former smokers East Asian TPH
(Japan) 667 lifetime nonsmokers
Brody et al. 2005 110 current smokers 275 lifetime nonsmokers European and SHTT
(United States) 100 former smokers African
Gerra et al. 2005 107 adolescents who ever 103 adolescent lifetime European SHTT
(Italy) smoked nonsmokers
Kremer et al. 2005 244 persons who ever 486 lifetime nonsmokers Other SHTT
(Israel) smoked
Munafo et al. 2005a 141 current smokers None European SHTT
(United Kingdom)
Reuter and Hennig 2005 108 current smokers 144 nonsmokers European TPH
(Germany)
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Study
(country) Polymorphism  Primary phenotype Main findings
Lerman et al. 1998 LPR Smoking status No association with smoking status
(United States)
Ishikawa et al. 1999 LPR Smoking status Association with smoking status (current vs. former smokers
(Japan) and lifetime nonsmokers)
Hu et al. 2000 LPR Smoking status Association with smoking status (current vs. former smokers
(United States) and lifetime nonsmokers) among participants with high levels
of neuroticism
Lerman et al. 2000 LPR Nicotine dependence  Association of neuroticism with nicotine dependence among
(United States) those with short allele
McKinney et al. 2000  C1460T Cigarettes/day Association with cigarettes/day
(United Kingdom)
Lerman et al. 2001 A779C Smoking status No association with smoking status or nicotine dependence
(United States) Nicotine dependence  Association with age at smoking initiation
Johnstone et al. 2002  C1460T Cigarettes/day No association with cigarettes/day
(United Kingdom)
Ito et al. 2003 VNTR Smoking status Association of MAOA gene with smoking status among women
(Japan) A644G Nicotine dependence  and with nicotine dependence among men
Mizuno et al. 2004 C218A Smoking status No association with smoking status
(Japan)
Brody et al. 2005 LPR Smoking status No association with smoking status or nicotine dependence
(United States) Nicotine dependence
Gerra et al. 2005 LPR Smoking status Association with smoking status
(Italy)
Kremer et al. 2005 LPR Smoking status Association with smoking status (persons who ever smoked vs.
(Israel) VNTR Nicotine dependence lifetime nonsmokers)
No association with nicotine dependence
Munafo et al. 2005a LPR Nicotine dependence  Association with nicotine dependence
(United Kingdom)
Reuter and Hennig A779C Smoking status Association with nicotine dependence (nonsmokers scored as

2005
(Germany)

Nicotine dependence

having zero nicotine dependence)
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Table 4.10  Other studies of candidate genes for smoking behavior
Population
Study Dominant
(country) Study group Controls ancestry Gene
Garcia-Closas et al. 1997 315 current smokers None European CYPIAI
(United States) GSTM1 *NULL
Comings et al. 2001 12 current smokers 59 former smokers European CCK
(United States) 326 nicotine-dependent 120 lifetime nonsmokers
smokers 399 nondependent controls
Hamajima et al. 2001 126 current smokers 837 nonsmokers East Asian IL-18
(Japan)
Pitha et al. 2002 75 current and former 60 lifetime nonsmokers European CD14
(Czech Republic) smokers
Uno et al. 2002 124 current smokers 131 former smokers East Asian IL-18
(Japan) 690 lifetime nonsmokers
Fist et al. 2004 171 persons who ever 140 lifetime nonsmokers European TNF2
(Hungary) smoked C4A
C4B
Smits et al. 2004 20,938 persons, including NA European CYPIAI
(The Netherlands) current and former GSTM1
smokers and lifetime GSTTI
nonsmokers GSTPI
NAT2
Beuten et al. 2005 990 current smokers Family-based study European and GABAg,
(United States) 286 nonsmokers African
Liu et al. 2005 213 current smokers 71 former smokers East Asian Various
(Japan) 55 lifetime nonsmokers
Ma et al. 2005 1,568 current smokers Family-based study European and DDC
(United States) 469 nonsmokers African
Takimoto et al. 2005 109 current smokers 162 nonsmokers East Asian CCK
(Japan) CCKAR

Note: NA = not applicable.

aPack-years = the number of years of smoking multiplied by the number of packs of cigarettes smoked per day.

dopamine pathway is widely considered to be central in
the development of nicotine dependence (see “Patho-
physiology of Nicotine Addiction” earlier in this chapter).
Releasing dopamine after nicotine administration acti-
vates postsynaptic dopamine receptors, including the D2
receptor, whereas DBH is involved in the synthesis of nor-
adrenalin from dopamine (Koob and Le Moal 2001).

The *TAQIA (C32806T) allele of the DRD2 gene is
associated with reduced numbers of dopamine D2 recep-
tors in the corpus striatum (Thompson et al. 1997),
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but the functional significance of this variant remains
unclear. The #*1368A allele of the DBH gene is associated
with smoking status (McKinney et al. 2000), although this
polymorphism is not considered functional. The nicotine
patch was significantly more effective for smoking cessa-
tion than was a placebo for carriers of the *A1 allele of
the DRD2 gene but not among those who were homozy-
gous for the more common *A2 allele (Johnstone et al.
2004b). The difference in the effects of treatment in the
genotype groups was significant after the first week of
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Study
(country) Polymorphism Primary phenotype  Main findings
Garcia-Closas et al. *MSPI Pack-years? No association with pack-years
1997
(United States)
Comings et al. 2001 C-45T Smoking status Association with smoking status (current vs. former
(United States) Nicotine smokers vs. lifetime nonsmokers) and nicotine dependence
dependence (nicotine-dependent smokers vs. nondependent controls)
Hamajima et al. 2001  C-3IT Smoking status No association with smoking status
(Japan)
Pitha et al. 2002 C-159T Smoking status Association with smoking status (current and former
(Czech Republic) smokers vs. lifetime nonsmokers)
Uno et al. 2002 C-3IT Smoking status No association with smoking status
(Japan)
Fist et al. 2004 Haplotype Smoking status Association of TNF2 gene with smoking status (persons
(Hungary) Haplotype Cigarettes/day who ever smoked vs. lifetime nonsmokers)
Haplotype
Smits et al. 2004 *MSPI Smoking status No association with smoking status
(The Netherlands) *DEL
*DEL
*ILE/*VAL
*4
Beuten et al. 2005 Haplotype Nicotine Association with nicotine dependence
(United States) dependence
Liu et al. 2005 Various Smoking status Association of OGG1, 5HTT, EPHX1, ESRI1, and CYP17A1
(Japan) genes with smoking status
Ma et al. 2005 Haplotype Nicotine Association with nicotine dependence
(United States) dependence
Takimoto et al. 2005 C-45T Smoking status Association of CCK gene with smoking status
(Japan) 7779C
365 *VAL/*ILE

treatment but not at the end of 12 weeks of treatment.
The nicotine patch was highly effective among smokers
with both the DRD2 *A1 allele and the DGH *A allele, but
it was less effective for smokers with other genotypes. This
genetic association with treatment response was signifi-
cant at both 1 and 12 weeks of treatment, which suggests
that the short-term efficacy of the nicotine patch may be
modulated by DRD2 and DBH genes. Longer follow-up in
this analysis supported the association of the DRDZ2 vari-
ant with abstinence from smoking at 6- and 12-month

follow-ups, although this effect was observed only among
women and the results for the DBH gene were not
reported (Yudkin et al. 2004).

The second pharmacogenetic trial of NRT was an
open-label trial of the nicotine patch versus nicotine
nasal spray. This trial examined the role of the gene for
the p-opioid receptor (OPRMI) (Lerman et al. 2004).
The opioid receptor is the primary site of action for the
rewarding effects of the endogenous opioid peptide
g-endorphin (Zadina et al. 1997), which is released in
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response to nicotine (Davenport et al. 1990; Boyadjieva
and Sarkar 1997). Exon 1 of the human OPRMI1 gene
includes a common A118G (ASN40ASP) missense SNP.
The *ASP40 variant has been associated with reduced
messenger RNA (mRNA) and lower protein levels for the
receptor (Zhang et al. 2005). Smokers carrying the OPRM1
*ASP40 variant were significantly more likely than those
who were homozygous for the *ASN40 variant to be
abstinent from smoking at the end of the treatment phase
(Lerman et al. 2004). The differential treatment response
among smokers was most pronounced for the nicotine
patch, modest and nonsignificant for nicotine nasal spray,
and nonsignificant for a placebo, in the bupropion clinical
trial described in the next section. A longitudinal analy-
sis in the nicotine patch group revealed a dose-response
effect of the nicotine patch. The effect of the genotype in
the *ASP40 group was greatest during the nicotine patch
treatment of 21 milligrams (mg), but the effect was reduced
as the treatment was tapered and disappeared after discon-
tinuation. In addition, smokers who carried the *ASP40
variant gained less weight during the treatment period and
reported greater reductions in symptoms of negative
mood than did those who were not carriers of the variant.
These findings suggest that smokers carrying the *ASP40
variant may be candidates for maintenance therapy with
the 21-mg nicotine patch.

Additional investigations provided evidence for an
association of the COMT VAL158 MET polymorphism with
prospective smoking cessation in an NRT open-label trial.
Female smokers treated with either the nicotine patch or
nicotine nasal spray who carried the low-activity allele,
which is associated with a slower degradation of dopa-
mine, were significantly more likely than were those who
did not carry this allele to stop smoking independent of
the treatment. These findings are consistent with those
reported in a retrospective comparison of female current
versus female former smokers in a case-control study
(Table 4.8) (Colilla et al. 2005).

Bupropion

The first pharmacogenetic analysis of treatment
for tobacco dependence was conducted as part of a pla-
cebo-controlled clinical trial of bupropion for smoking
cessation (Lerman et al. 2002) that focused on CYP2B6.
Smokers who carried the CYP2B6 variant, which, to some
extent, is associated with slower nicotine metabolism,
reported greater increases in craving for cigarettes after
the target date for smoking cessation and had significantly
higher rates of relapse to smoking than did those with-
out the variant. These effects were modified by a signifi-
cant interaction among gender, genotype, and treatment,
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which suggests that bupropion attenuated the effects of
genotype among female smokers.

A second report from this clinical trial (Lerman
et al. 2006) examined two SNPs that may influence the
expression of the DRD2 receptor. These SNPs included an
insertion/deletion variant in the promoter region of the
DRD2 gene (DRD2 -141C *INS/*DEL). The transcrip-
tional efficiency of the more common *-141C INS C allele
is greater than that of the variant with the *-141C DEL C
allele (Arinami et al. 1997), and a functional synonymous
SNP in the DRD2 (C957T) gene decreases mRNA stabil-
ity and protein synthesis (Duan et al. 2003). At the end of
the treatment phase, a statistically significant interaction
between the DRD2 -141C *INS/*DEL genotype and the
treatment indicated a more favorable response to bupro-
pion among smokers homozygous for the *INS C allele
than that for smokers carrying a *DEL C allele.

One study investigated whether the *TAQIA poly-
morphism in the DRD2 gene is associated with smoking
cessation outcomes after treatment with a combination of
bupropion and behavioral counseling in smokers enrolled
in an open-label randomized trial of effectiveness (Swan et
al. 2005). Compared with women who were homozygous
for the *A2 allele, women with at least one *A1 allele were
significantly more likely to stop taking bupropion because
of side effects from the medication and at 12 months
were somewhat more likely to report smoking. However,
relapse to smoking by 12 months after treatment was not
statistically significant and constituted only a trend. Sig-
nificant associations or trends were not observed in men.

In addition, another study reported data on 239
smokers who were offered bupropion in a group of general
practice physicians in the United Kingdom (Johnstone
et al. 2004a). Only 54 of these smokers made an active
attempt to stop smoking. Allele frequencies for polymor-
phisms in the DRD2, DAT, DBH, and MAOA genes were
reported. However, the sample size was insufficient for
formal analysis of the effects of these polymorphisms on
smoking cessation.

Varenicline

Varenicline, a partial agonist at the 242 nAChR,
was approved by FDA as a treatment for smoking cessa-
tion in 2006 (USFDA 2006). Several large trials provide
evidence that varenicline was more effective than bupro-
pion or placebo as an aid to smoking cessation (Gonza-
les et al. 2006; Jorenby et al. 2006; Tonstad et al. 2006).
Because of the efficacy and relative target selectivity (e.g.,
targeting a specific receptor subtype) of this compound,
pharmacogenetic studies of varenicline are warranted.
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Summary and Future Directions

Research on genetic influences on smoking behav-
ior has yielded important insights about the biobehavioral
basis of nicotine dependence. There is strong and consis-
tent evidence from studies of twins that smoking initia-
tion and nicotine dependence are influenced by heritable
factors. Support for the role of functional genetic varia-
tion in nicotine-metabolizing enzymes (e.g., CYP2A6) and
genetic variation in nAChR subunit genes (e.g., CHRNA5)
is largely consistent, although the extent of their con-
tribution to nicotine dependence is unclear. Additional
but inconsistent evidence supports the roles of genetic
variants in the dopamine pathways. Although the phar-
macogenetic approach to smoking cessation holds early
promise, larger studies in more diverse populations are
required (Lerman et al. 2007). Designs for case-control
studies of genetic association are limited, partly by the
use of crude measures of smoking behavior phenotypes.
This finding supports the importance of future studies
to explore associations of candidate genes with endophe-
notypes, which are intermediate phenotypes of smoking
behavior. Some phenotypes are biologically more proxi-
mal to their genetic antecedents than are complex
behavioral phenotypes, because biologic proximity affords
a more homogeneous phenotype and a stronger genetic
signal. Endophenotypes that may be relevant to nicotine
dependence encompass acoustic startle response, includ-
ing prepulse inhibition and affective modulation of the
acoustic startle (Hutchison et al. 2000); measures of the
reinforcing value of nicotine in a paradigm of behavioral
choice (Blendy et al. 2005; Ray et al. 2006); various para-
digms of craving related to reactivity to cues (Tiffany et
al. 2000); measures of attentional bias, such as the modi-
fied Stroop task (Munafo et al. 2003) and the dot-probe
task (Waters et al. 2003a); and patterns of withdrawal after
smoking cessation (David et al. 2003). The list of candidate
endophenotypes is growing rapidly, and these may offer
powerful measures for genetic analysis, although the role
of these putative endophenotypes remains speculative in
some cases.

Also deserving of attention is the study of the inter-
action between genetic variants, nicotine dependence,
and disorders comorbid with nicotine dependence (e.g.,
depression and anxiety). Two studies suggest that smok-
ing behaviors and nicotine dependence are influenced
by an interaction between the 5HTT gene and anxiety-
related traits (Hu et al. 2000; Lerman et al. 2000). In
one study, however, this association was not replicated
(Munafo et al. 2005a). A better understanding of genetic
influences on nicotine dependence in different psychiatric
populations would be valuable for the development of tar-
geted medications.

Pharmacogenetic investigations of smoking cessa-
tion treatments have provided promising initial evidence
that genetic variations in drug targets, such as the dopa-
mine system or nAChRs, may predict responses to treat-
ments. Only a few such studies have been conducted, and
these have focused on the two FDA-approved approaches
for smoking cessation pharmacotherapy: bupropion and
NRT. Several additional pharmacotherapies have been
tested for efficacy in smoking cessation (Lerman et al.
2005). Although the overall effects of alternate pharma-
cotherapies, such as fluoxetine and naltrexone, have been
modest, it is possible that subgroups of smokers who
benefit from such treatments can be identified by geno-
type. Although pharmacogenetic research on smoking
cessation treatments is in the early stages, this research
may ultimately be used to tailor pharmacotherapies to
smokers most likely to benefit, thereby improving the
efficacy. Emerging health policy and ethical issues related
to genetically tailored smoking cessation treatments are
important to consider (Shields et al. 2004), as are barriers
to and facilitators of the integration of genetic tests into
smoking cessation in clinical practice (Shields et al. 2004;
Munafo et al. 2005b).

Recent studies have begun to provide compelling
support for association of some common genetic variants
with smoking behavior and related disease phenotypes,
such as SNPs within the CHRNA5/A3/B4 gene clus-
ter (Amos et al. 2008; Hung et al. 2008; Liu et al. 2008;
Thorgeirsson 2009); however, the effect sizes described in
these studies are very small, and it has been suggested that
efforts may need to be directed elsewhere if the genetic
architecture of complex traits is to be fully elucidated
(Goldstein 2009; Hardy and Singleton 2009; Hirschhorn
2009). In particular, the hypothesis that common pheno-
types, such as nicotine dependence, will be explained by
common genetic variants has been questioned because
the effect sizes observed to date suggest an unrealistically
large number of alleles to explain the known heritability
of a given phenotype (Goldstein 2009).

A complementary approach may be to seek out
less common genetic variations that may have a more
profound effect on phenotypes of interest. For example,
recent studies have identified a possible role for copy
number variants and de novo mutations in the etiology
of psychiatric phenotypes such as schizophrenia (Xu et al.
2008) and autism (Sebat et al. 2007). Although no stud-
ies have yet investigated the role of copy number variants
in smoking behavior, such studies are likely to emerge in
the near future. As our understanding of the functional
biology of genetic variation continues to develop, so too
will the technologies and methods available to dissect the
genetic architecture of complex phenotypes such as nico-
tine dependence.
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Prevalence and Trajectory Toward Nicotine Dependence

Genes appear to predispose persons to smoking
initiation and persistence and possibly are related to the
extent of difficulty a person has in smoking cessation.
Genetic transmission may include inheritance of poly-
morphisms of specific genes that affect responses of the
body and the brain to nicotine. These responses include
the rate of metabolism of nicotine, receptor sensitivity to
nicotine and to certain neurotransmitters, and the levels
of neurotransmitters available at neural synapses. These
individual differences in response to nicotine are likely to
affect the trajectory toward the development of nicotine
dependence. Characterization of differences in trajecto-
ries has primarily focused on the adolescent population,
because most smokers begin smoking cigarettes during
this period of life. The next section describes the preva-
lence of adolescent smoking to increase understanding of
the scope for potential development of dependence, dif-
ferences in trajectory patterns toward dependence, and
determinants for developing nicotine addiction. Epide-
miologic, laboratory, and clinical studies are described to
elucidate the emerging science in this area.

Epidemiology of Adolescent
Smoking

A large body of epidemiologic literature has exam-
ined the prevalence of smoking, its initiation in adoles-
cence, and the progression among adolescents from
experimentation to regular use of cigarettes. This lit-
erature includes research on national samples in both
school-based studies (University of Michigan 2007) and
household studies (Substance Abuse and Mental Health
Services Administration 2004). However, compared with
an extensive amount of literature that examines adoles-
cent smoking, work on adolescent nicotine dependence is
more recent, so there are fewer empirical studies on early
antecedents of nicotine addiction than on the anteced-
ents of adolescent smoking (Colby et al. 2000a). Thus, in
reviewing existing data, it is important to separate ciga-
rette smoking and nicotine addiction as distinct outcomes
(Hughes 2001). In addition, because most studies have
focused on adolescent cigarette smoking rather than other
forms of tobacco use, this review is restricted to studies of
cigarette smoking.

Subsequent data suggest that approximately one
in five high school students report “current” smoking,
defined as any smoking in the past month (CDC 2008b).
Smoking prevalence increases with age throughout
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adolescence. For example, data from the Monitoring the
Future study (Johnston et al. 2007) show that current
smoking is reported by 8.7 percent of 8th graders, 14.5
percent of 10th graders, and 21.0 percent of 12th grad-
ers. In addition to age, the prevalence of adolescent smok-
ing varies with race and ethnicity. The highest rates were
reported by American Indian and Alaska Natives, followed
by non-Hispanic Whites, Hispanics, African Americans,
and Asians (National Institute on Drug Abuse 2003). Few
characteristics of adolescent smoking differed by gender,
but adolescents with less-educated parents, lower aspira-
tions for higher education, and rural residence are more
likely to smoke cigarettes (Johnston et al. 2007). Finally,
some adolescents smoke at high levels of frequency and
quantity. For example, daily smoking is reported by 4.0
percent of 8th graders, 7.6 percent of 10th graders, and
12.2 percent of 12th graders; and 1.5 percent of 8th grad-
ers, 3.3 percent of 10th graders, and 5.9 percent of 12th
graders smoke one-half pack or more of cigarettes per day
(Johnston et al. 2007).

Measuring Nicotine Dependence in
Adolescents

Colby and colleagues (2000b) summarized the lit-
erature on methods of measuring adolescent nicotine
dependence. These researchers note that the two major
approaches to measurement were formal diagnostic mea-
sures, such as interviews based on the DSM-1V criteria (APA
1994) and brief self-report measures that were most often
modifications of the FTQ (Fagerstrom 1978). A brief self-
report measure, Hooked on Nicotine Checklist (HONC),
has been developed and used in longitudinal studies of the
early acquisition of nicotine dependence (DiFranza et al.
2002a; O’Loughlin et al. 2003). This measure defines the
onset of nicotine dependence as the point of experienc-
ing loss of autonomy over tobacco use (DiFranza et al.
2002a). Although multiple measures have proved useful
in predicting aspects of smoking behavior, as previously
noted in this chapter, there is no gold standard for assess-
ing nicotine dependence, either in adolescents or adults
(Colby et al. 2000a,b; O’Loughlin et al. 2002).

The complexity of assessing adolescent nicotine
dependence is evident from the modest correlation found
between two of the most common methods for measur-
ing dependence—DSM-based diagnoses and FTQ-derived
self-report measures—and the fact that these mea-
sures do not identify the same adolescents as nicotine
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dependent (Kandel et al. 2005). This finding has also
been reported for adult smokers (Moolchan et al. 2002).
Kandel and colleagues (2005) found a low agreement
between DSM-based and FTQ-derived measures, except
with high cigarette consumption (=16 cigarettes per day).
The DSM-based measure identified a higher prevalence
of adolescent dependence because smokers met diagnos-
tic criteria at much lower quantities of cigarettes than
with the FTQ-derived measure (e.g., 60 versus 19 percent
among those adolescent smokers smoking two to five ciga-
rettes per day). Furthermore, for adolescent smokers who
smoked a low number of cigarettes per day (e.g., 2.5 ciga-
rettes), increasing depressive symptoms were associated
with higher risk for DSM-diagnosed dependence (Kandel
et al. 2005). This association between DSM diagnoses of
tobacco dependence and depression has also been reported
in adults (Breslau and Johnson 2000) (see “Epidemiol-
ogy of Tobacco Use and Nicotine Dependence in Adults”
later in this chapter). These findings led the investigators
to believe that the DSM criteria identify a psychological
component or behavioral symptoms common to both
dependence and depression, which are not found in the
FTQ-derived measure. Finally, Kandel and colleagues
(2005) examined ethnic differences in dependence and
found that non-Hispanic Whites had higher prevalence
of dependence than other racial or ethnic groups, but
this difference was accounted for by higher prevalence of
smoking among this population. Once adjustment was
made for differences in prevalence of smoking, differences
by ethnicity were attenuated or eliminated. Thus, exten-
siveness of smoking must be considered when measuring
dependence in youth.

Prevalence of Symptoms and Diagnoses in
Adolescence

Studies suggest that adolescents report symptoms
of dependence even at low levels of cigarette consump-
tion (Colby et al. 2000a,b; Hughes 2001; DiFranza et al.
2002b; Panday et al. 2007). The difference in sensitivity
to nicotine in adolescents and adults is also reported in
animal models (Slotkin 2002; Adriani et al. 2003; Torres
et al. 2008). For example, Levin and colleagues (2003)
found that when rats were first exposed to nicotine in
adolescence, they self-administered more nicotine than
did rats exposed in adulthood. These differences in self-
administration by age at first exposure persisted into
adulthood. Similarly, Beluzzi and colleagues (2004) found
that a single nicotine injection during early adolescence
was sufficient to establish conditioned place preference in
rats, whereas such injections in late adolescence or adult-
hood were not sufficient. Thus, paradigms for both self-
administration and conditioned place preference in rats

suggest that adolescence may be a developmental stage of
particular vulnerability to the effects of tobacco exposure.
Furthermore, a study by Torres and colleagues (2008),
using a conditioned place preference paradigm, showed
that adolescent rats not only found lower doses more rein-
forcing but also found higher doses less aversive compared
with adult rats. If so, adolescents may be particularly vul-
nerable to developing tobacco dependence. DiFranza and
colleagues (2002b) concluded that, on average, the onset
of an initial symptom of tobacco dependence occurred
when adolescents smoked only two cigarettes once a week.
Even adolescents who smoked only once or twice in their
lives reported an average of 1.3 symptoms on the HONC
(1.0 for males and 1.4 for females) (O’Loughlin et al.
2003). As a cautionary note, the interpretation of the
results relies on whether the HONC reflects valid symp-
toms of dependence.

Kandel and Chen (2000) examined a proxy measure
of DSM diagnosis of nicotine dependence in data from
the National Household Survey on Drug Abuse (now the
National Survey on Drug Use & Health). They reported
that, compared with adults, adolescents met the criteria
for dependence at lower levels of cigarette consumption.
Some researchers have suggested that these age dif-
ferences reflect a greater sensitivity to nicotine among
adolescents than among adults (Kandel and Chen 2000).
However, researchers have also noted that these age dif-
ferences can reflect cohort effects (Breslau et al. 2001;
Hughes 2001). That is, given the national reductions in
smoking prevalence are accompanied by greater social
proscriptions against smoking, smoking among more
recent (younger) cohorts may represent more “hard core”
smoking with greater levels of dependence (Breslau et
al. 2001), although other researchers have questioned
whether a “hardening of smokers” has actually occurred
(O’Connor et al. 2006).

Reported prevalence of nicotine dependence among
current adolescent smokers varies depending on whether
heavy or light smokers are considered. In one study, 19.4
percent of adolescents who smoked weekly were consid-
ered to be dependent on the basis of an analog measure
from the ICD criteria (O’Loughlin et al. 2003). Even less-
than-weekly tobacco use may result in progression toward
nicotine dependence. A later study found that the most
susceptible youth lose autonomy over tobacco within one
or two days of first inhaling from a cigarette. The appear-
ance of tobacco withdrawal symptoms and failed attempts
to stop smoking can precede daily smoking dependence,
as defined by ICD-10, and typically appears before con-
sumption reaches two cigarettes per day (DiFranza et al.
2007). One study using data from the National Survey
on Drug Use & Health reports a 28-percent prevalence
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of last-year nicotine dependence (based on symptoms
approximating DSM-IV dependence criteria) among ado-
lescents aged 12 through 17 years who smoked during
the last month, which was only slightly lower than the
prevalence for adults (e.g., 30 to 32 percent among those
aged 18 through 49 years) (Kandel and Chen 2000). The
majority of adolescent daily smokers meet criteria for
nicotine dependence. For example, Kandel and colleagues
(2005) found that 87 percent of adolescent daily smokers
met DSM criteria and 63 percent met the modified FTQ
criteria (score >3). Similarly, O’Loughlin and colleagues
(2003) found that 65.9 percent of seventh graders who
smoked daily met /CD criteria.

There has also been interest in whether adolescents
experience withdrawal symptoms on the discontinuation
of smoking, either as part of an attempt to stop smoking
or during periods when they cannot smoke. Colby and col-
leagues (2000a) summarized six retrospective studies in
which adolescent smokers recalled their experiences dur-
ing periods of nonsmoking. Most adolescents reported at
least one symptom of withdrawal. Craving was the most
commonly reported symptom upon abstinence. Fernando
and colleagues (2006) analyzed data from the National
Youth Tobacco Survey and reported that 63 percent of
adolescents who smoked five or fewer cigarettes per day
reported at least one withdrawal symptom. Hanson and
colleagues (2003) examined the effects of the nicotine
patch on adolescent-reported withdrawal symptoms.
Compared with the placebo group, the nicotine patch
group had lower scores for withdrawal symptoms.

Killen and colleagues (2001) recruited adolescents
from alternative high schools and from a homeless shelter
who smoked at least 10 cigarettes per day. There were two
assessment sessions. Participants were randomly assigned
to the nicotine patch or the placebo patch for the second
assessment. The researchers found a decrease in heart rate
across sessions only for the placebo condition. However,
they found significant increases in self-reported with-
drawal symptoms for both the nicotine patch and the
placebo patch conditions. The most intense withdrawal
symptoms were craving and anxiety, which were not re-
lieved by the nicotine patch. Finally, some adolescents who
believed they had worn a nicotine patch had expectancy
effects; they reported less craving and frustration and a
greater ability to concentrate. Together, these results sug-
gest that adolescent smokers experience withdrawal symp-
toms but that expectancy effects also influence findings.
Prokhorov and colleagues (2005) suggest caution about
interpreting nonspecific symptoms such as irritability,
depression, insomnia, and trouble concentrating, which
can have multiple causes besides tobacco withdrawal.

Some animal data suggest that adolescents experi-
ence a dampened withdrawal response compared with that
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in adults (O’Dell et al. 2004, 2006). O’Dell and colleagues
(2004) precipitated withdrawal with mecamylamine in
rats receiving long-term administration of nicotine versus
saline and found mecamylamine-induced withdrawal in
adult rats but not in adolescent rats. These findings in ani-
mal studies, combined with limited clinical data, indicate
the need for further studies of differences in withdrawal
symptoms by age.

Trajectories of Smoking from Adolescence to
Adulthood

Cigarette smoking shows age-related trends with
typical initiation of smoking occurring in early adoles-
cence. Retrospective data from the 1999 National Survey
on Drug Use & Health (Kopstein 2001) suggest that the
average age at first use of cigarettes is 15.4 years and the
average age at initiation of daily smoking is 18 years. Data
from both retrospective and longitudinal studies suggest
that smoking prevalence or incidence of daily smoking
in adolescents increases over time, peaks in young adult-
hood, and then declines (Chen and Kandel 1995; Bre-
slau et al. 2001). However, these data are limited in that
they describe a single “average” trajectory of age-related
changes in smoking behavior, which obscures substantial
heterogeneity among smokers. For example, there is vari-
ation in age at smoking initiation (Breslau et al. 1993a;
Chassin et al. 2000) in the time it takes to progress to daily
smoking, and in the time to develop dependence symp-
toms (DiFranza et al. 2002b).

Advances in mixture modeling (Nagin 1999; Muthén
and Muthén 2000) have enabled longitudinal studies
to identify multiple age-related trajectories of smoking
behavior. Some of these studies conducted follow-up on
participants through adolescence (Colder et al. 2001;
Audrain-McGovern et al. 2004b; Abroms et al. 2005). Wills
and colleagues (2004) performed cluster analysis rather
than mixture modeling. These studies have all identified
multiple trajectory groups, which typically include a group
with early-onset (7th grade) regular smoking (smoking
at least a few times a week); a group with experimental
smoking (smoking occasionally each year); nonsmokers;
and a group with intermediate- (regular smoking in 9th
grade) and late-onset (regular smoking in 10th grade)
regular smoking. These studies do not assess tobacco
dependence, and even the late-onset groups were younger
than age 18 years. Karp and colleagues (2005) studied only
adolescents who had started to smoke. Most of their par-
ticipants remained at low levels of smoking, but there was
heterogeneity in the speed at which the others escalated
their cigarette use, and youth across all rates of escalation
were more likely to show symptoms of nicotine depen-
dence than those individuals who maintained low levels
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of cigarette use. Soldz and Cui (2002) conducted follow-
up on participants through 12th grade. They identified
the following groups: nonsmokers, experimental smok-
ers, smokers with early or late escalation of smoking, and
stable continuing smokers. Their findings are noteworthy
for identifying a group who stopped smoking, which was
absent in other studies.

Several studies had follow-up from adolescence to
adulthood. White and colleagues (2002b) recruited 374
adolescents in New Jersey through random telephone
sampling. The participants were interviewed five times
from age 12 years to age 30 or 31 years. The investigators
identified three trajectory groups: (1) nonsmokers and
experimental smokers; (2) occasional smokers and smok-
ers whose smoking peaked at 18 years of age and then
declined; and (3) heavy smokers and regular smokers. Pre-
dictor variables distinguished between nonsmoking and
smoking trajectories but could not predict heavy smoking
among smokers. Predictor variables were disinhibition
items from the Zuckerman Sensation Seeking Scale, low
school grades, and use of other drugs. Chassin and col-
leagues (2000) recruited 8,556 adolescents in 6th through
12th grades in a midwestern county school system and
surveyed them annually in 1980 through 1983. Addi-
tional follow-ups were conducted in 1987 and 1993 and
identified a greater number of groups reflecting smoking
trajectory. The groups included nonsmokers, experimen-
tal smokers, persons with early smoking initiation who
became stable smokers, persons with late smoking ini-
tiation who became stable smokers, and persons who
stopped smoking. On average, persons with early smok-
ing initiation who became stable smokers were smoking
daily by 15 years of age and averaged more than one-half
pack of cigarettes per day by 18 years of age. In contrast,
persons with late smoking initiation who became stable
smokers averaged weekly smoking at age 18 years but less
than one-half pack per day. Thus, the stable group with
early initiation was also at particular risk for heavy smok-
ing. This group was characterized by (1) a high frequency
of parental smoking, perhaps reflecting both genetic and
environmental risk factors; (2) less parental support;
and (3) greater attitudinal tolerance for deviant behavior
(“deviance proneness”).

Orlando and colleagues (2004) identified similar
groups: nonsmokers; triers (never exceeding one or two
cigarettes per year, increasing slightly in early adoles-
cence, then decreasing to very low levels in young adult-
hood); late-onset increasers (started at a low smoking rate,
but increased smoking steadily with the sharpest increase
occurring between 18 and 23 years); decreasers (smoked
a few times per month at age 13 years but decreased to
once or twice a year by age 23 years); and early increas-
ers (started out at low level of smoking at age 12 years

but rose sharply to weekly smoking by age 14 years with
continuing increases in smoking). These researchers also
identified a group of heavy smokers throughout the age
range of 13 through 23 years. The studies by Chassin and
associates (2000) and Orlando and colleagues (2004) both
found that the group with late initiation seemed to be pro-
tected in adolescence by family factors, including (across
the two studies) less familial smoking, more parental sup-
port, intact families, and higher levels of parental educa-
tion. However, Orlando and colleagues (2004) found that
the trajectory groups of the stable heavy smokers, the
persons with early initiation who increased cigarette con-
sumption, and those with late initiation who increased
cigarette consumption all converged to a similar point
of heavy smoking by 23 years of age. Thus, these stud-
ies identify a group of persons with early initiation and
sharply escalating cigarette consumption who are at high
risk for heavy smoking. However, late initiation of smok-
ing does not necessarily imply protection against heavy
smoking. Divergence among these groups may occur at
ages older than 23 years, which were not represented in
the study by Orlando and colleagues (2004).

Several studies focused on African Americans. Juon
and colleagues (2002) conducted follow-up on inner-city
participants who had low socioeconomic status (SES) and
divided them into nonsmokers, former smokers, smok-
ers with late initiation (after age 18 years), and smokers
with early initiation. The group with early initiation was
more aggressive in childhood, more likely to have lax pa-
rental supervision, and had more drug problems. White
and colleagues (2004) modeled trajectories of the number
of cigarettes smoked each day. They identified nonsmok-
ers, light smokers, and heavy smokers and found that
African Americans started smoking later and had lower
cigarette consumption than did White participants. Simi-
larly, Blitstein and colleagues (2003) found that progres-
sion of smoking was more likely to be slow among African
Americans. Finally, Brook and colleagues (2006) modeled
trajectories for African American and Puerto Rican adoles-
cents from age 14 to 26 years and identified the following
groups: nonsmokers, persons whose smoking peaked at 18
years of age and then declined, smokers with late initia-
tion, and smokers with early initiation. Although there are
few studies, these findings suggest that the age at smoking
initiation and the speed of progression in cigarette con-
sumption may differ by ethnicity. This hypothesis should
be considered in describing smoking trajectories from
adolescence to adulthood.

Another important consideration is that none of
these longitudinal studies spanning adolescence and
adulthood directly assessed nicotine dependence. There-
fore, the extent to which predictors of early progression
to heavy smoking are predictors of nicotine dependence
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is unknown. However, Storr and colleagues (2004) per-
formed a latent class analysis of nicotine dependence
symptoms by using data from the National Survey on Drug
Use & Health. The findings indicated that early smoking
initiation leads to a higher probability of experiencing
nicotine dependence features within two years of smoking
onset compared with those smokers who initiated smok-
ing after age 20 years.

Determinants of Nicotine Addiction

Researchers have described the progression of ciga-
rette smoking as a process of multiple stages, including
precontemplation, contemplation or preparation, initial
trying, experimental or irregular smoking, and established
daily smoking (Mayhew et al. 2000). Researchers have also
suggested that movement across these stages is deter-
mined by different factors (Flay et al. 1983). For example,
social factors such as peer modeling and opportunities to
experiment may have a greater influence on initial experi-
mentation with smoking, whereas factors such as genetic
risk, negative affect, and propensity to develop tolerance
to nicotine have been hypothesized to play a greater role
in determining movement across later stages of smoking
(Flay et al. 1983). However, the empirical evidence for
such stage-specific predictors is weak. Mayhew and col-
leagues (2000) reviewed this literature and found that few
studies tested for stage-specific predictors. Rather, most
studies aggregated data across stages, predicting any pro-
gression in smoking or predicting broad categories such
as “regular” smoking, which ranges from smoking a sin-
gle cigarette a month to daily heavy smoking. Moreover,
much of the research on adolescent smoking initiation is
motivated by an interest in smoking prevention. There-
fore, many studies focus on the initiation of smoking or
experimental smoking. Few studies have examined predic-
tors of nicotine dependence or daily heavy smoking. For
these reasons, little is known about stage-specific predic-
tors of nicotine dependence.

Some studies have used genetically informed
designs to examine the extent to which adolescent
tobacco dependence is related to additive genetic influ-
ences, shared environmental influences that make siblings
more alike, and unshared environmental influences that
make siblings different (Boomsma et al. 2002). From the
extensive literature on the genetics of adolescent smok-
ing, several studies are selected for review, because they
focus on heavy smoking or nicotine dependence in ado-
lescence. McGue and colleagues (2000) report that 44
percent of the variance in nicotine dependence among
17-year-old twins was associated with additive genetic
influence. However, shared environment also played an
important role, accounting for 37 percent of the variance
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in nicotine dependence. Similarly, a study that focused on
high frequency of smoking rather than nicotine depen-
dence reports that both additive genetic and shared envi-
ronmental influences were important (Rende et al. 2005).
One study reported differences by gender in heritability
for “problem” tobacco use (Rhee et al. 2003). Heritability
was a stronger influence, and shared environmental fac-
tors were a weaker influence for female than for male ado-
lescents. Thus, studies of behavioral genetics in relation
to adolescent heavy smoking or nicotine dependence sug-
gest the importance of both genetic and environmental
influences, although in an adult study population, tobacco
dependence seems to be more strongly influenced by
genetics (see “Genetics” earlier in this chapter).

Researchers have also associated maternal smoking
during pregnancy with the later development of tobacco
dependence in offspring. Buka and colleagues (2003)
examined a sample (aged 17 to 39 years) from the Provi-
dence (Rhode Island) cohort of the National Collaborative
Perinatal Project. They found an elevated risk for tobacco
dependence when the mother smoked more than one
pack of cigarettes per day during pregnancy. However, the
investigators note that these results could also be
explained by genetic influences. Moreover, because post-
natal maternal smoking was not considered, social envi-
ronmental mechanisms of intergenerational transmission
of nicotine dependence (e.g., role modeling) could also
influence findings. For example, Cornelius and colleagues
(2005) found that the relationship between prenatal expo-
sure and adolescent smoking was not significant after
adjustment for factors such as the mother’s current smok-
ing and the smoking of friends.

Studies have also associated child and adolescent
psychopathology with nicotine dependence and heavy
smoking. Using data from the Yale Longitudinal High-Risk
Study, Dierker and colleagues (2001) found a significant
association of nicotine dependence with anxiety disorder,
affective disorder, conduct disorder, oppositional defiant
disorder, substance dependence, and parental substance
dependence. The investigators reported that affective
disorders and drug use disorders remained unique pre-
dictors of nicotine dependence after adjustment for con-
founding comorbidities. These relationships were found
only for nicotine dependence and not for distinguishing
between nonsmoking and experimentation or between
regular smoking and a combined group of earlier stages
of smoking progression. Clark and Cornelius (2004) also
examined adolescents with or without parental substance
use disorder. They found that substance use disorders
and daily smoking in parents, as well as conduct disorder,
oppositional defiant disorder, and attention-deficit/hyper-
activity disorder in offspring predicted progression to daily
smoking. However, these researchers found no significant
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relationship between anxiety or depressive disorders in
adolescents and progression to daily smoking.

In a longitudinal study of a large sample of ado-
lescents recruited from high schools, Rohde and col-
leagues (2004) report a finding similar to that of Clark and
Cornelius (2004). Externalizing disorders (e.g., attention-
deficit/hyperactivity disorder, disruptive behavior dis-
orders, and alcohol and drug use disorders) are more
strongly and consistently associated with smoking ciga-
rettes than are internalizing disorders (e.g., mood and
anxiety disorders). In a multivariate analysis that included
familial psychopathology, familial smoking, and composite
variables of internalizing and externalizing disorders, only
the externalizing disorders predicted both progression to
daily smoking and to nicotine dependence among daily
smokers. Thus, these studies show a consistent support
for externalizing disorders, but less consistent support for
internalizing disorders, as predictors of frequent smoking
or nicotine dependence. The inconsistent effects of inter-
nalizing disorders may reflect variation in study samples
and methods and, particularly, differences in the choice
of which variables are statistically controlled in models of
multiple predictors. Inconsistent results may also reflect
the presence of moderating variables. For example, Patton
and colleagues (1998) found that depression and anxiety
were significant predictors of transition to daily smoking
only when there were high levels of peer smoking.

Finally, Lloyd-Richardson and colleagues (2002)
used data from a cross-sectional study—the National Lon-
gitudinal Study of Adolescent Health—to compare adoles-
cents who were at different smoking stages. The smoking
stages compared were persons who never smoked; experi-
mental smokers, who tried a cigarette but had not smoked
in the past 30 days and had never smoked daily; intermit-
tent smokers, who reported some smoking but no daily
smoking in the past 30 days; and regular smokers, who
smoked daily for the past 30 days. The investigators exam-
ined whether predictor variables had different effects at
different smoking stages. For example, a variable might be
particularly important at early stages of smoking and thus
would differentiate persons who never smoked from those
who experimented with smoking but would not signifi-
cantly differentiate among the other groups. The results
showed some stage specificity of predictors. Peer smok-
ing and low level of school connectedness more strongly
differentiated between regular smokers and persons who
never smoked, experimental smokers, and intermittent
smokers than differentiated among persons who never
smoked, experimental smokers, and intermittent smokers.
Thus, according to the investigators, peer smoking and
low school connectedness were more influential in later
stages of smoking than in early stages. Alcohol use showed

the opposite pattern and so was thought to be more influ-
ential in the early stages of smoking. However, there was
also evidence that predictors were not stage specific. For
example, depression, delinquency, parental smoking, and
family connectedness significantly differentiated among
all the smoking groups, and thus these variables were not
found to be stage-specific predictors.

Summary and Future Directions

The literature on adolescent nicotine addiction is
relatively recent and less extensive than that resulting
from the years of research that has been conducted on
adolescent smoking. Some data suggest that compared
with adults, adolescents display nicotine addiction at lower
levels of cigarette consumption and so may be particularly
vulnerable to addiction when exposed to tobacco. To both
replicate and explain this phenomenon, there is a critical
need for systematic assessment of how adolescents dif-
fer in their experience of different aspects of addiction—
development of tolerance, withdrawal, reinforcing
effects, associative learning—which makes this popula-
tion more vulnerable to addiction compared with adults.
The developing brain may be especially susceptible and
receptive to acute or repeated doses of nicotine (Adriani
et al. 2003; Schochet et al. 2005) and potentially other
tobacco-related constituents and to associative learn-
ing processes.

Multiple trajectories of smoking from adolescence to
adulthood have been identified, with one subgroup show-
ing early initiation and a steep escalation of smoking asso-
ciated with familial smoking and lack of parental support
and with risk for chronic heavy smoking in adulthood.
Further studies are needed to identify the genetic and
environmental contributions to such trajectories, as well
as the endophenotypes underlying the genetic contribu-
tions. Epidemiologic studies are particularly useful in
providing an understanding of the critical environmen-
tal influences that may interact with specific genes to
enhance the risk for developing nicotine dependence.

Another risk factor for nicotine addiction may be the
diagnosis or symptoms of externalizing disorders. Previ-
ous research has been focused on the common neurosub-
strates associated with nicotine addiction and depression
(see “Psychiatric Comorbidity” earlier in this chapter).
However, a better understanding of the relationship and
the neurophysiology that links smoking to externalizing
disorders is needed. In summary, future research needs to
focus on the complex interactions among genes, environ-
ment, social and neurodevelopmental phases, and their
influence on the trajectory toward nicotine dependence.
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Epidemiology of Tobacco Use and Nicotine Dependence in Adults

Prevalence of Cigarette Smoking
and Nicotine Dependence

According to one study, the prevalence of current
smoking among adults (aged >18 years), as assessed by the
National Health Interview Survey, was approximately 19.8
percent, or 43.4 million U.S. adults (CDC 2008a). Accord-
ing to the survey, 77.8 percent of current smokers smoked
every day and 22.2 percent smoked on some days. (Cur-
rent smokers are defined as those who smoked >100 times
during their lifetime and who are smoking every day or on
some days.) This high prevalence of daily smokers indi-
cates the highly addictive nature of cigarettes. More men
(22.3 percent) than women (17.4 percent) reported cur-
rent smoking. For the racial and ethnic groups, the lowest
prevalence of smoking was among Asians (9.6 percent),
and the highest prevalence was among American Indi-
ans and Alaska Natives (36.4 percent). Across educational
levels and SES, the highest prevalence of smoking was
among persons with low levels of education—44.0 percent
of those with a General Educational Development diploma
and 33.3 percent of those with 9 to 11 years of education,
versus 6.2 percent of those with graduate degrees—and
persons with the lowest levels of income—28.8 percent
of adults living below the poverty level and 20.3 percent
of those living at or above the poverty level. The preva-
lence of smoking was lowest among persons aged 65 years
or older (10.2 percent) and highest among those aged 18
through 24 years (23.9 percent).

In adults, the diagnosis of nicotine dependence or
addiction in population surveys has largely been based on
DSM 3rd ed. (rev) (DSM-III-R), DSM-IV (APA 1987, 1994,
2000), and /ICD-10 (WHO 1992) diagnostic criteria. The
adult survey instruments used to make the diagnosis have
included the National Institute of Mental Health Diag-
nostic Interview Survey and the Composite International
Diagnostic Interview-Substance Abuse Module (Colby et
al. 2000b). Researchers also have used data from other
population surveys, such as the National Survey on Drug
Use & Health to assess symptoms of tobacco depen-
dence. That survey includes terms or phrases such as (1)
“reported daily use of the product for two weeks or lon-
ger,” (2) “have tried to cut down on smoking,” (3) “unable
to cut down or quit or experienced difficulty quitting,” (4)
“felt a need for more tobacco for the same effect,” (5) “felt
dependent,” or (6) “felt sick or experienced withdrawal
symptoms when stopping smoking.” Results have been
reported on the percentage of smokers who indicated one
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or more of these symptoms of dependence or experienced
at least one of the withdrawal symptoms, psychoactive
effects (e.g., “it relaxes or calms me”), or difficulty with
smoking cessation, as a sign of potential tobacco depen-
dence (CDC 1994, 1995a,b). Researchers have also used
the presence of a specified number of these symptoms as
a proxy measure for DSM-IV criteria for nicotine depen-
dence (Kandel et al. 1997).

The prevalence of nicotine dependence based on
these measures in population- or community-based
samples from studies conducted in the United States are
shown in Table 4.11. The variability in the prevalence of
nicotine dependence can be mostly attributed to the char-
acteristics of the population surveyed and the diagnostic
tools used. The lifetime prevalence of DSM-III-R diagno-
sis of nicotine dependence in the general U.S. population
ranges from 20 to 24 percent, and past-year prevalence of
DSM-IV diagnosis of nicotine dependence is 9 to 13 per-
cent. By virtually any measure, the prevalence of lifetime
nicotine dependence is higher for cigarette smoking than
for any other category of substance abuse (Anthony et al.
1994; Giovino et al. 1995). The results from Table 4.11 also
illustrate that almost one-third of persons who have ever
tried smoking cigarettes became dependent on nicotine.

Examination of self-reports of specific symptoms
by adult daily or dependent smokers (Table 4.12) shows
that in the majority of studies that assessed these symp-
toms, the least frequently reported symptoms include
tolerance, withdrawal, and giving up activities as a result
of tobacco use. The most frequently reported symptoms
include efforts to reduce smoking and the inability to
reduce smoking; feeling dependent; using more ciga-
rettes than intended; and perhaps, continuing to smoke
cigarettes despite experiencing problems. Therefore,
the symptoms of nicotine dependence most likely to be
reported among adults tend to be behavioral or a loss
of control over smoking, and the least reported items
appear to be physiological (e.g., symptoms of tolerance
and withdrawal). In a study by Kandel and Chen (2000),
a higher proportion of adolescents reported experiencing
symptoms of tolerance (22.2 percent) and/or physical and
psychological problems (27.0 percent) resulting from to-
bacco use, compared with the proportion of adults aged
18 through 49 years (14.4 and 20.3 percent, respectively)
and adults aged 50 years or older (9.9 and 11.0 percent,
respectively). These results may reflect either the cohort
effect or the effect described previously as higher sensi-
tivity in adolescents than that in adults to the effects
of nicotine on physiological symptoms of dependence.
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Table 4.11  Lifetime and current prevalence of nicotine dependence in population studies in the United States
Prevalence Population
Study Design/sample Diagnostic measure (%) characteristics
Hughes et al. 1,006 middle-aged male smokers from DSM-IIT 90.0 Smokers (82% smoked
1987 Multiple Risk Factor Intervention Trial FTQ score 27 36.0 >15 cigarettes/day,
screening mean cigarettes/day +
1980 standard deviation =
28.0 + 12.8)
Breslau et al.  Random sample aged 21-30 years NIMH-DIS 20.0 Total sample
1991, 1993a Large health maintenance organization DSM-ITI-R? 27.0 Ever smoked
N = 1,007 of 1,200 51.0 Ever smoked daily for
1989-1990 (follow-up) 1 month
Lifetime prevalence
Anthony et Population survey of noninstitutionalized = CIDI 24.1 General population
al. 1994 persons aged 15-54 years DSM-III-RP 31.9 Ever smoked®
National Comorbidity Survey Lifetime prevalence
N =4,414
1990-1992
Centers NHSDA population survey of NHSDA (>1 indicator of 75.2 Smoked >1 time in past
for Disease noninstitutionalized civilians aged >12 dependence) 30 days
Control and years DSM-IV8
Prevention N = 61,426 90.9 Daily smokers
1995b 1991 and 1992 Smoked daily for >2
consecutive weeks in
past 12 months
Cottler et al.  Field trial using random-digit telephone  CIDI-SAM Daily smoking for
1995 dialing methods for general population DSM-III-RP 71.0 1 month
sample ICD-10 77.0 Lifetime prevalence
N = 260 daily smokers DSM-IV4 66.0
1990-1991
Kandel et al.  NHSDA population survey of NHSDA 8.6-10.5 General population
1997, 2001; noninstitutionalized civilians aged >12 DSM-IV4 28.0 Used tobacco product in
Kandel and years past year
Chen 2000 N =87,915: 1991-1993 28.5 Smoked last month
N =39,994: 1994-1996 Prevalence in past year
Breslau and Random sample aged 21-30 years NIMH-DIS
Johnson Large health maintenance organization DSM-III-R? 66.4 Daily smokers
2000 N = 238 daily smokers 75.0 Daily smokers with
1989-1990 (follow-up) FTND score >4
55.5 Daily smokers with
FTND score <4
FTND score >4 57.1 Daily smokers
Lifetime prevalence
Breslau et al. 4,414 respondents to National CIDI 24.0 Total population
2001, 2004a Comorbidity Survey, Tobacco DSM-III-RP 48.0 Daily smokers

Supplement
Aged 15-54 years
1990-1992

Lifetime prevalence
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Table 4.11  Continued
Prevalence  Population

Study Design/sample Diagnostic measure (%) characteristics

Grant et al. NESARC population survey of NIAAA Alcohol Use 12.8 Total sample

2004 noninstitutionalized civilians aged >18 Disorder and Associated Prevalence in past year
years Disabilities Interview
N = 43,093 Schedule
2001-2002 DSM-IV®

Note: CIDI = World Health Organization’s Composite International Diagnostic Interview; CIDI-SAM = CIDI Substance Abuse Module;
DSM-III = Diagnostic and Statistical Manual of Mental Disorders, 3rd ed.; DSM-III-R = DSM, 3rd ed. (rev); DSM-IV = DSM, 4th ed.;
FTND = Fagerstrom Test for Nicotine Dependence; FTQ = Fagerstrom Tolerance Questionnaire; ICD-10 = International
Classification of Diseases, Tenth Revision; NESARC = National Epidemiology Survey on Alcohol and Related Conditions;

NHSDA = National Survey on Drug Use & Health; NIAAA = National Institute on Alcohol Abuse and Alcoholism;

NIMH-DIS = National Institute of Mental Health Diagnostic Interview Schedule.

aNIMH-DIS included ever smoking daily for >1 month plus DSM-III-R criteria for dependence with >3 of the following symptoms
persisting for >1 month: greater use than intended; unsuccessful efforts to control use; important activities given up; continued use
despite social, psychological, or health problems; tolerance; withdrawal symptoms; and use to avoid withdrawal symptoms. Excluded

2 symptoms listed in the general DSM-III-R criteria for psychoactive substance use disorders: (1) great deal of time spent in activities
necessary to acquire substance or recover from effects and (2) frequent intoxication or withdrawal symptoms when expected to fulfill
major role obligations.

bCIDI criteria included daily smoking for >1 month plus DSM-III-R criteria for dependence with >3 of criteria with symptoms
persisting for >1 month.

®Data on persons who ever smoked estimated from synthesis with NHSDA data.

dDSM-1V criteria for dependence with =3 of the following symptoms within a 12-month period: tolerance; withdrawal; using larger
amounts or longer than intended (assessed as needed or if smoker felt dependent on nicotine); unsuccessful efforts to cut down;
negative social, occupational, and physical consequences; and persistent physical and psychological problems. Excluded spending
significant amount of time to obtain substance; instead, quantity (smoking >2 packs daily in past 30 days) was examined in relation to
dependence.

ENIAAA used DSM-IV criteria modified as follows: use of nicotine to relieve or avoid withdrawal as operationalized by using the
following four symptom items: (1) use of nicotine on awakening, (2) use of nicotine after situation in which use was restricted, (3)

use of nicotine to avoid nicotine withdrawal symptoms, and (4) waking up in middle of the night to use tobacco. “Giving up activities
in favor of nicotine use” was assessed as (1) giving up or cutting down on important activities, such as associating with friends or
relatives or attending social activities, because tobacco use was not permitted at activity and (2) giving up or cutting down on activities
that were of interest or that gave pleasure because tobacco use was not permitted. The “great deal of time spent using tobacco”
criterion was assessed by single symptom item, chain-smoking. The “using tobacco more than intended” criterion was operationalized
as having a period when tobacco was used more than intended. Nicotine dependence was assessed for any tobacco product, including

cigarettes, cigars, pipes, chewing tobacco, and snuff.

However, on the basis of animal studies, withdrawal
symptoms would be presumed to be fewer in adolescents
than in adults (O’Dell et al. 2004, 2006), yet more ado-
lescents are endorsing physical problems than do adults.
As pointed out previously, factors other than withdrawal
may be associated with higher endorsement of withdrawal
symptoms among adolescents. Another possibility is that
questions on physical dependence, particularly on toler-
ance, are not asked in a manner that is understood by or
relevant to adult smokers.

The symptoms most frequently reported by adults
appear to be less specific to the diagnosis of nicotine
dependence. For example, Breslau and colleagues (1994)
observed that (1) 88.6 percent of dependent smokers
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reported the symptom of dependence described as “smok-
ing more than intended” (p. 747) and (2) 93.6 percent
reported “unsuccessful attempts to quit” (p. 747). How-
ever, these items were also reported by a substantial per-
centage of nondependent smokers (47.9 and 25.2 percent,
respectively) who smoked daily for a month or more
during their lifetime but never met criteria for nicotine
dependence. However, 87 percent of dependent smokers
as opposed to only 12 percent of nondependent smokers
reported one or more of the three physiological indicators
of dependence (tolerance, withdrawal symptoms, and/or
cigarette use to avoid withdrawal symptoms).

With regard to the onset of nicotine dependence
relative to daily smoking, one study of data from the
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National Comorbidity Survey showed that the highest
rates of becoming nicotine dependent, as defined by DSM-
III-R, occurred in the first 16 years from the year after
progression to daily smoking, whereas in the subsequent
10 years the progression to nicotine dependence declined
and continued at a slower rate (Figure 4.5) (Breslau et al.
2001). Thus, nicotine dependence generally followed daily
smoking, although 5.4 percent of nicotine dependence
began before or in the same year as progression to daily
smoking. In most cases, the onset of nicotine dependence
occurred one or more years after the initiation of daily
smoking. These results appear somewhat contrary to
results described in “Prevalence of Symptoms and Diag-
noses in Adolescence” earlier in this chapter, which indi-
cates that dependence symptoms may occur even earlier
in a person’s history of smoking. The discrepancies in
results may be a function of how nicotine dependence was
diagnosed or defined, that is, whether one was examining
symptoms or a diagnosis of dependence or cohort effects.

Figure 4.5
Survey

Prevalence by Dose, Duration, and
Subpopulations

The results from Table 4.11 also show that the more
a person smokes, the greater is the likelihood of a diag-
nosis of nicotine dependence (CDC 1995b). Kandel and
Chen (2000) observed a linear dose-response relationship
between the number of cigarettes smoked in the past
month and the percentage of smokers with nicotine de-
pendence in the last year. This finding was based on
self-reporting of symptoms approximating DSM-IV cri-
teria for dependence and was confirmed in other studies
(Kawakami et al. 1998). The percentage of male and fe-
male smokers with a diagnosis of dependence rose sharply
and significantly as the amount of smoking increased
from less than one cigarette per day, to one to five ciga-
rettes per day, and to one-half pack per day. Thereafter,
the increase in the percentage of smokers with a diagno-
sis of dependence tended to rise minimally; however, at

Cumulative incidence curves of daily smoking and nicotine dependence in the National Comorbidity

Source: Breslau et al. 2001. Reprinted with permission from American Medical Association, © 2001.
Nofte: Participants included 4,144 daily cigarette smokers and 2,136 smokers who were nicotine dependent.

Nicotine Addiction: Past and Present 165



Surgeon General’s Report

Table 4.12

numbers higher than one and one-half packs of cigarettes
per day, females showed a higher prevalence of depen-
dence than did males. The duration of cigarette smoking
has also been related to the prevalence of nicotine depen-
dence (Kandel and Chen 2000).

Kandel and Chen (2000) also found that among
persons who smoked in the last month, the prevalence
of nicotine dependence in middle-aged adults was similar
to that in adolescents. After adjustment for the quantity
of cigarettes smoked, the prevalence of dependence was
generally higher among adolescents than among adults,
particularly at lower levels of cigarette consumption.
Several reasons that may account for this finding (i.e.,
cohort effects) have been discussed previously (see “Prev-
alence of Cigarette Smoking and Nicotine Dependence”
earlier in this chapter). The lowest rates of nicotine
dependence were in adults aged 50 years or older; this
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Prevalence of selected symptoms of nicotine dependence reported in selected studies

finding was attributed to lower sensitivity to increased
quantity of nicotine intake. The investigators also found
that the prevalence of nicotine dependence was higher
among females than among males, even after adjustment
for the number of cigarettes smoked. However, this dif-
ference was observed only among persons 18 through
49 years of age. The prevalence of dependence was also
higher among Whites than among Blacks, and this differ-
ence was particularly evident at the lower levels of ciga-
rette consumption.

Other studies have found no differences by gender
in the prevalence of nicotine dependence (Breslau et al.
1991; Anthony et al. 1994) but have confirmed differ-
ences by race when DSM criteria were used to diagnose
nicotine dependence (Breslau et al. 1994, 2001). However,
when time to the first cigarette was used as an indicator of
dependence, more Blacks than Whites reported smoking
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within 10 minutes of awakening even though Blacks had
lower or similar levels of cigarette consumption (Royce et
al. 1993). In another study, Blacks also reported shorter
time to the first cigarette than did Whites (Ahijevych and
Gillespie 1997). Differences in nicotine metabolism and
blood concentrations of cotinine may contribute to dif-
ferences in the prevalence of dependence among Blacks
and Whites (Benowitz et al. 1999). Among smokers who
ever smoked daily, nonnicotine-dependent Blacks were
2.5 times more likely to persist in smoking than were
nondependent Whites (Breslau et al. 2001). These find-
ings suggest a weakness in diagnostic systems categorized
by differences in ethnic and racial groups, differences in
sensitivity to nicotine across groups, or differences in
sociocultural factors (e.g., extent of cigarette promotion
or smoking restrictions) that contribute to persistence in
smoking across groups.

Nicotine Dependence and
Psychiatric Comorbidity

As described in the previous sections, studies have
found a strong association between nicotine dependence
and comorbid disorders that warrants further discus-
sion. It is estimated that nearly one-half of all cigarettes
sold in the United States (44 percent) are consumed by
people with mental illnesses or substance abuse disor-
ders. In addition, the prevalence of tobacco use among
those with either addictions and/or mental illness is
between 38 to 98 percent, as opposed to 19.8 percent
for the general population (Schroeder 2009). Breslau
and colleagues (1991) have conducted several stud-
ies. One earlier population-based study in Michigan
observed that young adults with a diagnosis of nicotine
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dependence reported higher prevalence of alcohol and
drug dependence and major depression and anxiety disor-
ders than did persons who had never experienced nicotine
dependence (Breslau et al. 1991). The relationships
between each disorder and nicotine dependence were
observed even when adjustments were made for confound-
ing comorbidities. These findings are similar to those
observed for adolescent smokers described earlier (Dier-
ker et al. 2001) (see “Determinants of Nicotine Addiction”
earlier in this chapter). However, the results were contrary
to other findings among adolescents (Clark and Cornelius
2004; Rohde et al. 2004). Other population-based research
and clinical studies have also pointed to the strong rela-
tionship between daily smokers or nicotine-dependent
smokers (as opposed to lifetime nonsmokers or non-
dependent smokers) and substance use disorders, anxi-
ety disorders, and depression, with higher prevalence of
comorbid psychiatric disorders among nicotine-depen-
dent smokers and higher prevalence of nicotine-depen-
dent smokers among persons with comorbid disorders.
For example, in a U.S. population-based survey, Grant and
colleagues (2004) observed that the prevalence of alcohol
use disorders, current mood disorders, or current anxi-
ety disorders among adult respondents with diagnoses of
nicotine dependence during the past year ranged from 21
to 23 percent compared with 9 to 11 percent in the gen-
eral population. Conversely, other studies have shown the
percentage of persons with nicotine dependence among
respondents with these comorbid disorders ranging from
25 to 35 percent and as high as 52 percent among respon-
dents with drug use disorders compared with 12.8 percent
in the general population (Glassman et al. 1990; Breslau
et al. 1994, 2004b; Lasser et al. 2000; Degenhardt and Hall
2001; Kandel et al. 2001; Isensee et al. 2003; Schmitz et al.
2003; Grant et al. 2004; John et al. 2004).

Furthermore, studies have shown that the more
severe the nicotine dependence, the more likely was the
association with comorbid disorders. For example, John
and colleagues (2004) found that the greater the number
of nicotine-dependent symptoms or nicotine withdrawal
symptoms and the higher the total FTND scores, the
higher the odds ratios for psychiatric disorders. Nonethe-
less, even nonnicotine-dependent smokers, compared with
nonsmokers, had significantly higher prevalence of alco-
hol and drug dependencies, but not of major depression
or anxiety disorders (Breslau et al. 1991, 1994, 1996). This
result suggests that smoking may either physiologically
or perhaps more critically, socially, lower the threshold
for substance abuse disorders. Conversely, the greater
the number of psychiatric disorders experienced by the
individual, the higher the prevalence or odds of smoking,
particularly daily or heavy smoking (Lasser et al. 2000;
Breslau et al. 2004b) and of diagnosis of nicotine depen-
dence (Breslau et al. 2004b; John et al. 2004).
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The relationship of major depression or anxiety
disorders with nicotine dependence is complex and not
extensively explored. Breslau and colleagues (1993b)
examined the relationship between depression and nico-
tine dependence in a prospective investigation of 14
months. The investigators found that major depressive
disorder increases the risk of progression to nicotine
dependence and more severe levels of dependence. These
results were confirmed in a subsequent analysis of cross-
sectional data from the National Comorbidity Survey in
which preexisting major depressive disorders, several
anxiety disorders (e.g., phobias, generalized anxiety dis-
orders, and posttraumatic stress disorders), and substance
use disorders had resulted in an increased risk for pro-
gression to daily smoking or onset of nicotine dependence
among daily smokers (Breslau et al. 2004b). Of the anxiety
disorders assessed, neither preexisting agoraphobia nor
panic disorder predicted a subsequent progression to daily
smoking, and panic disorder did not increase the relative
risk of transition to nicotine dependence. Similar findings
had also been observed in earlier epidemiologic cross-
sectional studies of adults (Breslau and Klein 1999) and
in longitudinal studies with follow-up of adolescents into
young adulthood (Johnson et al. 2000; Isensee et al. 2003).

Conversely, Breslau and colleagues (1993b) also
observed that a history of nicotine dependence increased
the risk for a subsequent first incident or recurrence of
major depressive disorder. Daily smoking or nicotine
dependence increased the risk of a subsequent onset of
drug use, anxiety disorders, major depression, or dysthy-
mia both in epidemiologic studies (Breslau et al. 1998,
2004a; Breslau and Klein 1999) and in population-based
longitudinal studies (Kendler et al. 1993; Isensee et al.
2003). In a population-based longitudinal cohort study,
adolescents who smoked one or more packs of cigarettes
per day had higher odds of the onset of anxiety disorders
(e.g., generalized anxiety disorders, panic disorder, and
agoraphobia) in adulthood than did adolescents who
smoked less than one pack a day (Johnson et al. 2000).
Analysis of cross-sectional data from the National
Comorbidity Survey found no differences betweennicotine-
dependent and nondependent daily smokers in the likeli-
hood of a subsequent first onset of a psychiatric disorder
(Breslau et al. 2004a). Therefore, daily smoking appears to
be just as important a risk factor as a diagnosis of nicotine
dependence. This finding may reflect the limitations of the
criteria for a diagnosis of nicotine dependence.

This bidirectional finding in relation to cigarette
smoking and some of the mood and substance use dis-
orders can be considered either causal or a reflection of
an underlying factor that is common to the predisposi-
tion to both disorders. For example, psychiatric disorders
may lead to self-medication with nicotine, which targets
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the neurosystems that have mood-altering effects, or
long-term exposure to nicotine may alter neurobiologic
substrates, leading to the development of psychiatric
comorbidities. Another possibility is that psychiatric dis-
order and nicotine addiction share genetic or environ-
mental vulnerabilities or risk factors.

Few studies have been directed toward providing
evidence for whether these factors are responsible for
the relationships between smoking and psychiatric disor-
ders. Support for self-medication of psychiatric disorders
would come from three findings that show (1) smokers
with psychiatric disorders have rates of smoking cessation
lower than those for smokers who do not have these dis-
orders; (2) remission of disorders is less likely to predict
progression to daily smoking, because there is no need
for self-medication, but preexisting active disorders are
associated with increased risk for smoking and/or nico-
tine dependence; and (3) prevalence of smoking is higher
among persons with remission of disorders than among
those who continue to experience psychiatric symptoms
because smoking reduced the psychiatric symptoms.

To date, the data show that the impact of psychi-
atric disorders on smoking cessation is equivocal (see
“Trajectory of Recovery or Relapse” later in this chapter).
However, these studies are limited to the disorders of ma-
jor depression and alcohol abuse or dependence. Major
depressive disorder is the only psychiatric disorder to
meet the first two characteristics associating cigarette
smoking with self-medication (findings 1 and 2) (Romans
et al. 1993; Breslau et al. 2004a) (see “Trajectory of Recov-
ery or Relapse” later in this chapter).

If the development of psychiatric disorders were
caused by the effects of cigarette smoking or nicotine
exposure, then findings to support this hypothesis would
show that (1) a longer and higher exposure increases a
smoker’s odds of developing a psychiatric disorder; (2)
longer abstinence from smoking leads to reduced risk for
psychiatric disorder, unless the effects are irreversible;
and (3) current but not former smoking is associated with
higher risk for psychiatric disorder. The only disorders
that appear to meet these characteristics are panic disor-
ders and agoraphobia (Breslau and Klein 1999; Johnson et
al. 2000; Isensee et al. 2003; Breslau et al. 2004a).

Support for common factors, hereditary or acquired,
would be based on findings that show (1) both current and
former daily smoking increase the risk for psychiatric
disorders, (2) both active disorders and disorders in
remission or only disorders in remission predict daily
smoking or a progression to nicotine dependence, and (3)
familial or genetic vulnerability is shared across nicotine
dependence or smoking and psychiatric disorders. The
greatest support for shared common factors is for sub-
stance abuse disorders and smoking.

Remission of substance abuse disorders has been
a predictor of daily smoking and progression to nicotine
dependence (Breslau et al. 2004b). Results of studies on
families and twins support a shared familial and genetic
vulnerability across substance use disorders (Bierut et al.
1998; Merikangas et al. 1998; Tsuang et al. 1998). The data
on common factors for major depressive disorders and
smoking are conflicting, showing both support (Breslau et
al. 1994; Kendler and Gardner 2001; Johnson et al. 2004)
and lack of support (Dierker et al. 2002; McCaffery et al.
2003). Researchers have attributed inconsistency in these
results to differences in levels of cigarette consumption,
definitions of depression, study methods, and analytic
approaches (Johnson et al. 2004). The use of antidepres-
sant treatments for both depression and smoking cessa-
tion, regardless of a history of depression, would support
the concept of shared substrates that mediate nicotine
dependence and depression (see “Pathophysiology of Nico-
tine Addiction” earlier in this chapter).

As a caveat, the strong relationship between nicotine
dependence and some psychiatric disorders may be a func-
tion of the method used to diagnose nicotine dependence.
For example, in another study conducted by Breslau and
Johnson (2000), nicotine dependence, as defined by the
FTND score, was not related to major depression. These
researchers attributed the strong relationship between the
DSM-III-R definition of nicotine dependence and major
depression to the numerous behavioral symptoms associ-
ated with the diagnosis of nicotine dependence.

Summary and Future Directions

The effects of dose, age, race, and gender may be
related to the prevalence of nicotine dependence. The
number of cigarettes smoked per day and the duration
of smoking are positively related to the percentage with
diagnosis of nicotine dependence. Prevalence of nicotine
dependence among adolescent smokers may be higher
than that among adult smokers, particularly for those
who smoke fewer cigarettes per day. Conflicting study
results suggest that prevalence of nicotine dependence,
as defined by DSM criteria, is higher among Whites than
among Blacks but that prevalence is lower in Whites when
time to the first cigarette of the day is the criterion for
dependence. It is unclear whether the prevalence of nico-
tine dependence differs by gender. These results suggest
the need for further research to explore reasons for the
inconsistent findings across subgroups of smokers. A sig-
nificant association also exists between psychiatric dis-
orders and smoking, but the nature of this association is
unclear. Depending on the disorder, the relationship may
be causal; for example, smoking may increase the odds of
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panic disorder and major depressive disorder and may lead
to self-medication with tobacco use. On the other hand,
this association may result from common underlying fac-
tors that involve fundamental psychological or physiologi-
cal processes, such as intolerance to states of negative
affect or neurotransmitter dysfunction in a common path-
way, which lead to nicotine dependence, substance abuse,
and possibly depression. To date, understanding the causal
relationships has relied predominantly on cross-sectional
data sets. Prospective studies have been limited and have
examined only a few psychiatric disorders, but this type
of study is necessary to lend stronger evidence for any
bidirectional causality or for common underlying causes

Trajectory of Recovery or Relapse

of cigarette smoking and nicotine dependence with spe-
cific psychiatric disorders. A clearer understanding of
these relationships will result in a deeper understanding
of the pathophysiology of nicotine addiction. Moreover,
the studies of adults are limited in that the focus has
been primarily on internalizing rather than externalizing
disorders. In studies of adolescents, externalizing disor-
ders may play an even greater role than do internalizing
disorders in the development of nicotine addiction (see
“Determinants of Nicotine Addiction” earlier in this chap-
ter). Therefore, studies encompassing a broader range of
diagnoses are warranted.

Studying recovery from smoking can provide valu-
able information on the nature of tobacco addiction and
the factors affecting it. Every year about 45 percent of daily
smokers in the United States stop smoking for 24 hours,
but only 5 percent or less achieve long-lasting abstinence
(CDC 2002, 2004). Thus, relapse is the principal limiting
factor in the transition from smoking to nonsmoking sta-
tus. This finding underscores the need to understand the
nature of relapse and the factors affecting it.

Relapse: Definitions and
Limitations of the Literature

Integration of information about relapse is difficult
because definitions of critical events differ among stud-
ies. For instance, it seems useful to distinguish a lapse
from a relapse. A lapse refers to an occurrence of smoking
or tobacco use that takes place after an attempt to stop
smoking but is not part of an ongoing pattern of con-
sistent use (Brandon et al. 1986). Relapse refers to the
point after an attempt to stop smoking when tobacco use
becomes ongoing and persistent (Brandon et al. 1986).
Although standards have been offered for defining
“relapse” (Hughes et al. 2003), many reported results are
based on idiosyncratic standards. In addition, there is no
formally accepted definition of a “lapse.” For instance,
some studies define a lapse as only the first use of tobacco
after an attempt to stop smoking, and other studies use
broader definitions. Because of this diversity, this review
reports results according to the definitions used by the
investigators in each study. In addition, some investiga-
tors distinguish between relapse and failure of smoking
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cessation, with relapse occurring only after a period of
abstinence (e.g., after 48 hours) (Hughes et al. 2003).
Again, few studies make such a distinction. Therefore, to
render the bulk of the evidence comparable, this review
uses the concept of return to smoking after a cessation
attempt as an index of vulnerability to relapse, regardless
of the duration of abstinence. In general, no distinction is
made between cessation failure and relapse. Finally, some
of the reviewed studies predict the likelihood of relapse
while others predict relapse latency. In this review, either
prediction is taken to reflect a higher level of vulnerability
to relapse.

Natural History of Relapse

Prevalence

Two key characteristics of relapse are its high prev-
alence and its rapidity. Past reviews have consistently
reported that persons who decide to stop smoking on
their own and those who receive placebos in clinical trials
achieve 6- to 12-month abstinence rates of only 3 to 5 per-
cent (Cohen et al. 1989; Hughes et al. 2004c¢). Thus, within
one year of an attempt to stop smoking, about 95 per-
cent of persons who try to stop without a pharmacologic
aid continue to smoke or resume smoking. Reviews of
efficacious treatments reveal that 20 to 25 percent of those
who tried to stop smoking succeeded for six months (Fiore
et al. 2008). This finding means that about 75 percent of
persons who try to stop smoking by using evidence-based
treatments return to smoking within six months. The risk
of relapse, however, does not end 6 to 12 months after
the attempt at smoking cessation. Findings in studies of



How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease

long-term outcome suggest that relapse ultimately claims
30 to 40 percent of smokers who stop smoking for one
year (Eisinger 1971; Gilpin et al. 1997; Krall et al. 2002).
For instance, Yudkin and colleagues (2003) found that
about one-half of the smokers who had stopped smoking
for one year relapse to smoking within the subsequent
seven years. However, roughly 50 percent of those who
have ever smoked eventually become long-term former
smokers (Husten 2005) because many make repeated
attempts to stop smoking until they are successful.

Rapidity

Most smokers who ultimately relapse resume smok-
ing early after their attempt to stop. This pattern of early
lapsing has been reported in persons receiving treatment
(Kenford et al. 1994), as well as in those who decide on
their own to stop smoking and in smokers who receive
placebos (Hughes et al. 2004c). For example, Kenford and
colleagues (1994) found that 80 to 90 percent of those
who were smoking at six months after trying to stop had
resumed smoking in the first two weeks of the attempt
to stop. Other studies report similarly high rates of early
lapsing in populations of treated and untreated smokers
(Garvey et al. 1992; Gulliver et al. 1995; Westman et al.
1997; Hughes et al. 2004a). Women who stop smoking
during pregnancy, however, tend not to relapse early in
the attempt to stop, but rather tend to relapse after deliv-
ery, which is often weeks or months after initial cessation
(Fingerhut et al. 1990; USDHHS 1990; Floyd et al. 1993;
Stotts et al. 2000; Colman and Joyce 2003).

Lapse-Relapse Relationship

The odds of an eventual relapse are especially high
among those who lapse or engage in initially isolated
smoking episodes after the cessation date. Data suggest
that lapsing is the single best predictor of an ultimate
relapse (Brandon et al. 1990; Hughes et al. 1992; Kenford
et al. 1994; Nides et al. 1995). Moreover, the risk of an
ultimate relapse appears to increase with the number of
lapse events (Wileyto et al. 2004). Nevertheless, even mul-
tiple lapses do not inevitably lead to a relapse (Nides et
al. 1995). This finding attests to the wide variation in the
course of both relapse and successful cessation in a popu-
lation of smokers attempting to stop smoking.

The pattern of a return to regular smoking varies
considerably across individuals and typically occurs over
days and weeks rather than hours. On average, smok-
ers have a second lapse three or four days after the first
lapse (Shiffman et al. 1996b). Almost one-half of smokers
have the second lapse within 24 hours of the first lapse
(Brandon et al. 1990). On average, the latency between the
first lapse to a relapse is three to five weeks (Brandon et

al. 1990; Shiffman et al. 1996a,b; Gwaltney et al. 2005a),
which suggests that there is time after an initial lapse to
engage in additional treatment to prevent progression to
full relapse.

Risk Factors

To promote more precise thinking about the time
courses and interactive and cumulative effects of different
types of influences on relapse, several reviews recommend
an organizational framework for categorizing forces that
influence a relapse (Shiffman et al. 1986; Shiffman 1989a;
Piasecki et al. 2002). In general, such recommendations
have proposed three factors as important influences on
relapse: person factors, emergent processes, and situa-
tional instigators. Person factors are stable characteristics
that preexist the attempt to stop smoking and endure (e.g.,
gender and history of or proneness to depression). Emer-
gent processes are dynamic factors that unfold over time
and emerge sometime during the postcessation period.
Such processes tend not to be bound to context. For
example, although these processes may arise in response
to an episodic event such as stress, they can persist for
days or weeks. Withdrawal is an example of a dynamic
variable that arises gradually in response to falling
blood concentrations of nicotine (Hughes et al. 1990b;
Piasecki et al. 2003a). Although situational factors may
affect withdrawal symptoms (McCarthy et al. 2006), the
symptoms persist well beyond the situational influences
and are not wholly explained by them. Situational instiga-
tors are factors such as cues, contexts, or events that give
rise to short-lived (phasic) reactions lasting from seconds
to hours. Such reactions might comprise affective reac-
tions to a stressor, such as an argument, or to exposure to
smoking cues, such as seeing someone smoke.

Thus, this organizational scheme reflects the insti-
gator of the process, such as a contextual cue, as well as
the time course of vulnerability associated with relapse.
Such categorization is complex, because the distinction
among the time courses of influences is somewhat arbi-
trary and various influences may interact (Piasecki et al.
2002; Gwaltney et al. 2005b). These influences are not
mutually exclusive or independent, which adds to the
complexity of this organizational method. For example,
person factors may affect situational reactions or emer-
gent patterns of symptoms. The categorization scheme
described here is only one approach to conceptualizing
the causes of relapse. This approach has, however, allowed
researchers to identify factors that consistently predict
relapse and is consistent with a greater body of research
and theory showing that person factors, phasic reactions,
and contexts powerfully affect behavior (Mischel 2004).

Nicotine Addiction: Past and Present 171



Surgeon General’s Report

Person Factors

Cognitive and Attitudinal Influences

There is evidence that relatively stable attitudinal
variables affect the vulnerability to relapse of smokers. For
example, precessation assessments of expectations that
smoking will alleviate distress (e.g., negative moods and
stress) predict the subsequent likelihood of a relapse (Wet-
ter et al. 1994; Brandon et al. 1999). In addition, multiple
studies conclude that baseline measures of confidence
in the ability to stop smoking can also predict outcomes
(Condiotte and Lichtenstein 1981; Baer et al. 1986; Shiff-
man et al. 2000). Other findings indicate that confidence
before attempts to stop smoking and positive expectations
may interact to predict risk of relapse to smoking. Smok-
ers with low confidence and high expectations for smoking
reinforcement are especially likely to relapse (Shadel and
Mermelstein 1993; Dijkstra and Brosschot 2003). Finally,
high levels of motivation, based on health concerns (Nides
et al. 1995; Dijkstra and Brosschot 2003) or other reasons
(Turner and Mermelstein 2004), may foster cessation and
protect against relapse. However, motivation tends to be
less effective than other factors, such as level of tobacco
dependence or self-efficacy, that is, self-confidence in the
ability to stop smoking cigarettes (Hyland et al. 2004; Uni-
versity of Michigan 2006).

Other cognitive variables are less consistently
related to lapse and relapse. For instance, expectations
about the negative effects of smoking (e.g., risk of disease)
appear to predict the motivation or intention to stop
smoking but not the likelihood of a relapse (Wetter et al.
1994; Brandon et al. 1999). Also, one study found that a
strong commitment to continuing abstinence from smok-
ing was related to reduced rates of relapse, but this find-
ing was obtained in a population that comprised persons
who abused opiates and alcohol in addition to smokers,
and this condition made the relevance to smoking per se
unclear (Hall et al. 1990).

Finally, cognitive dimensions such as expectations
or motivation are sometimes hard to classify. For example,
motivational structures and attitudes may affect behavior
over many years (Etter et al. 2003b; Beltman and Volet
2007). However, motivational phenomena change over
time and can be affected by contextual factors (Beltman
and Volet 2007; McCaul et al. 2007; Sanderson et al. 2008;
Weiss-Gerlach et al. 2008). Therefore, cognitive and
motivational factors are discussed both as person factors
and emergent processes, with the distinction reflecting
the time course of their emergence.

Other data show that the attentional salience of
smoking cues also predicts vulnerability to relapse.
Using the Stroop paradigm, researchers presented
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smoking-related and neutral words to 158 volunteers for a
smoking cessation program (Waters et al. 2003b). Results
show that if words related to smoking attracted the atten-
tion of smokers, an early relapse was more likely within a
three-month follow-up interval. In theory, the attention-
grabbing properties of words related to smoking reflect
the motivational potency of smoking that could then
account for the greater likelihood of a relapse.

Tobacco Dependence

Measures of tobacco dependence predict the likeli-
hood that a smoker will achieve long-term abstinence
from tobacco use. For instance, self-report measures of
dependence tend to predict cessation and relapse (Bre-
slau and Johnson 2000; Piper et al. 2004; Shiffman et
al. 2004a). However, the various self-report measures
of dependence often do not show good agreement with
one another (Breslau and Johnson 2000; Moolchan et al.
2002). This finding is consistent with emerging evidence
that nicotine dependence is multifactorial (Hudmon et
al. 2003; Piper et al. 2004; Shiffman et al. 2004b). More
recent evidence suggests that some dependence factors
are more predictive of dependence than are others. In par-
ticular, self-report measures of tobacco dependence that
assess heavy automatic smoking that is not discriminated
on time or context are most consistently associated with
heightened risk of relapse (Transdisciplinary Tobacco Use
Research Center 2007; Piper et al. 2008). This finding is
consistent with the observation that objective measures
of a high rate of smoking, such as expired carbon monox-
ide levels and serum concentrations of cotinine, are often
related to the likelihood of a relapse (Ngrregaard et al.
1993; Faue et al. 1997; Kenford et al. 2002). Even in
the best circumstances, however, measures of tobacco
dependence account for only modest amounts of varia-
tion in risk of relapse. This finding is consistent with the
notion that relapse is a function of multiple person fac-
tors, emerging processes, and contextual factors.

In addition to dependence, the sensitivity of a
smoker to a nicotine reinforcement predicts a shorter
latency to relapse (Perkins et al. 2002a). In contrast, for-
mal laboratory measures of tolerance to the effects of nic-
otine do not appear to be significantly related to relapse
(Perkins et al. 2002a).

Demographic and Lifestyle Variables

Studies have related numerous variables of demo-
graphic factors and lifestyle to vulnerability to relapse. For
example, researchers have related an increased likelihood
of relapse to younger age (Nides et al. 1995; Ockene et
al. 2000; Hyland et al. 2004), a low SES or a low level of
education (Nides et al. 1995; Ockene et al. 2000; Wetter
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et al. 2005b), being unmarried (Nides et al. 1995; Ockene
et al. 2000), higher levels of tonic stress, and more stress-
ors or the perception of a higher stress level (Swan et al.
1988; Wewers 1988; Cohen and Lichtenstein 1990; McKee
et al. 2003). Of these factors, low SES and low educational
status appear to be especially strong and consistent pre-
dictors of ability to abstain from smoking on a continu-
ing basis (Mullen 2004; Wetter et al. 2005a; Fernandez et
al. 2006; Lee and Kahende 2007; Letourneau et al. 2007).
In addition, some data from clinical trials and population
samples indicate that women may be less likely than men
to maintain abstinence from tobacco use (Hubert et al.
1987; Bjornson et al. 1995; Community Intervention Trial
for Smoking Cessation 1995; Wetter et al. 1999; Smith et
al. 2003; Hyland et al. 2004). However, such relationships
are not consistently found across different data sets. For
instance, as noted above, numerous data sets reveal that
females are more likely to relapse to tobacco use than are
males. However, a substantial number of studies fail to find
such a relationship (Gritz et al. 1998; Killen et al. 2002;
Westmaas and Langsam 2005; Velicer et al. 2007; Walsh
et al. 2007). Besides the issue of consistency, additional
topics deserve greater research attention. These topics
include exploration of how the various person factors
“work together” to affect the success or failure of smok-
ing cessation. In addition, it is important to determine
whether the different person factors are associated with
different sorts of relapse mechanisms or processes; that is,
regardless of the likelihood of relapse in different smoker
groups, it is important to determine whether relapse pro-
cesses “unfold” differently in such groups.

Research suggests that men and women may differ
in sensitivity to environmental events. There is evidence,
for instance, that environmental or conditioned cues
related to use of nicotine, such as seeing information
about nicotine dose, seeing others smoking, or receiving
cues previously paired with nicotine, tend to elicit stron-
ger motivational response to use the drug in women than
in men (Pomerleau et al. 2005; Perkins et al. 2006; Lev-
enthal et al. 2007; Walsh et al. 2007). These data agree
with animal research data showing that nicotine-paired
environmental cues are more effective in eliciting self-
administration of nicotine in female rats than in male rats
(Chaudhri et al. 2005). Complementary data suggest that
men are more likely to be responsive to actual nicotine
dose and other pharmacologic properties than are women
(Perkins et al. 2006). If men are indeed more sensitive to
nicotine’s pharmacologic properties than are women, this
could explain why men who use NRT sometimes achieve
higher levels of success with smoking cessation than do
women who use NRT (Wetter et al. 1999; Perkins 2001;
Cepeda-Benito et al. 2004) and why this finding did not

hold for use of psychosocial interventions (Velicer et
al. 2007).

Other studies show additional differences by gender.
Data from study of a community-based population sam-
ple suggest that financial stressors may be more likely to
inhibit smoking cessation in women than in men and that
negative health events are more likely to prompt cessation
in men (McKee et al. 2003). Other research shows that
male smokers tend to be more reactive to relatively minor
stressful events (i.e., hassles) than are women (Wetter et
al. 1999; Delfino et al. 2001; Todd 2004). Although there is
mounting evidence of differences by gender in reaction to
nicotine or environmental cues (Perkins et al. 1999), and
in motivation to use tobacco or nicotine, these differences
have not been definitively linked with either relapse or dif-
ferences by gender in relapse. Even less is known about
the relationship of factors such as low SES or educational
attainment to likelihood of smoking cessation (Wetter et
al. 2005a).

One innovative approach to unraveling the complex
interrelationships among the multiple person factors and
relapse is to conduct classification or decision-tree analy-
ses. These analyses have been used to determine whether
categories of person factors (e.g., male versus female)
comprise smoker subgroups that can be distinguished
on the basis of their risk profiles for cessation failure.
One example of this approach generated six subgroups of
women smokers (Swan et al. 2004). For some subgroups,
cessation failure appeared to be related to educational
attainment and the number of previous attempts to stop
smoking; for others, failure was more strongly related to
body mass index and family history of depression (Swan et
al. 2004). In contrast, male smokers comprised subgroups
more highly distinguished by variables related to nicotine
dependence, such as FTND score (Heatherton et al. 1991)
and the number of years of smoking. In addition, male
subgroups were distinguished on the basis of previous
NRT and a history of depression. This type of classification
or decision-tree analysis is useful because it has the poten-
tial to reveal factors that are highly predictive of cessation
outcome in a subgroup of smokers, even if a factor is not
important over an entire sample (Swan et al. 1997, 1999).
Further research is needed to assess the replicability of
such findings.

Psychiatric and Affective Dimensions

Some researchers have reported that the vulner-
ability to failure of smoking cessation or relapse to smok-
ing is positively related to a history of depression, alcohol
intake, a tendency toward negative affect, and an intoler-
ance of psychological distress. As with most other indi-
vidual differences, these relationships are either small in
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magnitude, inconsistent, or both. For example, both stud-
ies of population samples and clinical trials indicate that
a history of depression or depressive symptoms predicts a
greater likelihood of a relapse or a failure to stop smok-
ing (Anda et al. 1990; Romans et al. 1993; Ferguson et al.
2003; Smith et al. 2003; Japuntich et al. 2007). However,
one meta-analysis of data from 15 clinical trials failed to
find such an effect (Hitsman et al. 2003). Studies in this
meta-analysis generally excluded participants who were
currently depressed or taking antidepressant medication.

One hypothesis is that if depression is correlated
with vulnerability to relapse, the correlation may be
attributable to the presence of two specific subpopulations
of persons who have depression. Hitsman and colleagues
(2003) observed that several studies have found a relation-
ship between recurrent (multiple episode) depression and
heightened risk of failure to stop smoking (Glassman et
al. 1993; Covey et al. 1999; Brown et al. 2001). Haas and
colleagues (2004) also found that a high rate of failure to
stop smoking was associated with a history of multiple,
but not single, episodes of depression. There also is evi-
dence that current depression is more strongly associated
with relapse than is past depression (Niaura et al. 2001;
Japuntich et al. 2007; Turner et al. 2008). These results sug-
gest that associations between depression and relapse may
be attributable to subpopulations with depression, that is,
those who are either currently depressed or who are prone
to recurrent depression. These types of depression may be
linked to risk of relapse because both were associated with
recurrent or chronic negative mood (Niaura et al. 2001;
Haas et al. 2004; Japuntich et al. 2007), and negative mood
has repeatedly been linked with increased likelihood of
relapse to smoking among persons with depression
(Kahler et al 2002; Leventhal et al. 2008). However, it is
possible that the heightened risk of relapse presented by
current or recurrent depression is caused by other factors,
such as poor coping skills or low self-efficacy.

There is also mixed evidence as to whether a history
of alcohol abuse or dependence increases vulnerability to
relapse to smoking. Some studies show an elevated risk of
relapse (Hughes 1993; Breslau et al. 1996), but in others
risk is not elevated (Covey et al. 1993; Hurt et al. 1995).
Perhaps the best characterization of the evidence is the
finding that active abuse of or dependence on alcohol con-
stitutes a risk factor for relapse to smoking (Hurt et al.
1994; Kalman et al. 2001, 2002). However, there may be
little or no risk if problems with alcohol are in remission
(Hughes and Callas 2003). Evidence also shows that an
active consumption of alcohol enhances the risk of relapse
to smoking (Krall et al. 2002; McKee et al. 2003). Thus,
the risk of relapse posed by alcohol use is not attribut-
able to alcohol being a marker for a trait-like vulnerabil-
ity to relapse but rather is attributable to the immediate
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(situational) effects of intoxication. However, there is
modest evidence that another syndrome of disinhibition,
attention-deficit/hyperactivity disorder, is associated with
elevated risk of relapse to smoking (Humfleet et al. 2005).

An additional affective dimension that has been
studied and may contribute to a heightened risk for
relapse is the ability of a person to tolerate distress or to
persist in a distressing task. Hence, several studies have
associated measures of distress tolerance among smok-
ers with the likelihood of or latency to relapse. In these
studies, smokers with low vulnerability to relapse showed
a greater persistence in tasks such as breathholding and
mental arithmetic than did smokers with high vulnerabil-
ity to relapse (Hajek et al. 1987; Brown et al. 2002). This
finding provides evidence that characteristics such as an
inability or unwillingness to tolerate distress is linked to
a vulnerability to relapse. An inability to tolerate negative
affect may be especially related to early relapse to smoking
(Zvolensky et al. 2004; Brown et al. 2008).

In summary, the person factors that yield the stron-
gest or most consistent prediction of relapse are measures
of tobacco dependence and cognitive and attitudinal vari-
ables such as expectation of smoking reinforcement. In
addition, measures of low SES and low educational attain-
ment are also fairly consistently related to risk of relapse.
Other relatively stable person factors are more modestly
or inconsistently related to smoking relapse. Predictors
of relapse vary from study to study, probably reflecting
differences in the populations studied, different mixes
of predictors included in the studies, and diverse meth-
ods and measures of the same target constructs. In addi-
tion, much of the variation in vulnerability to relapse is
no doubt caused by other factors not measured in most
studies—for example, exposure to episodic events and
reactions to smoking cessation (Shiffman et al. 1996a,c;
Kenford et al. 2002; Gwaltney et al. 2005a,b; McCarthy et
al. 2006). Also, other variables may account for apparent
direct associations between person factors and relapse.
For instance, persons who drink heavily may be especially
likely to socialize with other smokers, and an exposure to
smokers may cause heightened risk of relapse.

Emergent Processes

Emergent processes are reflected in rapid changes
in symptoms or behaviors that occur within several days
before a lapse or relapse. Researchers have typically stud-
ied emergent processes across two temporal windows: one
that begins at the time of smoking cessation and there-
fore captures initial responses to the event and a second
that starts close in time to a lapse in cessation and cap-
tures changes in behaviors or symptoms leading up to
the event. Both types of analyses provide evidence that
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emergent processes set the stage for smoking lapses and
relapses. In general, emergent processes do not depend
on the sort of treatment or cessation strategy used—for
example, they occur in smokers receiving active or pla-
cebo pharmacotherapy.

Tobacco Withdrawal and Affective Symptoms

Perhaps the strongest evidence that emergent pro-
cesses affect vulnerability to relapse comes from research
on the tobacco withdrawal syndrome. Until recently,
major reviews concluded there was little evidence that
withdrawal symptoms were consistently related to the
likelihood of a relapse (Hughes et al. 1990b; Patten and
Martin 1996). However, in the decade ending in 2004,
research has shed light on the nature of withdrawal, as
well as its relationship to a relapse (Hughes 2007). First,
in many smokers, perhaps most of those attempting to
stop smoking, withdrawal symptoms are persistent and
often remain elevated for months after an attempt to stop
smoking (Gilbert et al. 1998, 2002; Piasecki et al. 1998,
2000). Second, withdrawal results (1) in great heteroge-
neity of symptoms, both in and across smokers, and (2) in
volatile changes in affect and craving (see Figure 4.6 for

Figure 4.6

craving pattern) (Piasecki et al. 2003a; McCarthy et al.
2006). Third, withdrawal results in vulnerability to more
severe symptoms in reaction to environmental events
than those that occur before smoking cessation (Figure
4.7) (McCarthy et al. 2006). In addition, research shows
that some of these symptomatic effects of tobacco with-
drawal are associated with an increased vulnerability to
relapse. In general, smokers are more likely to relapse
if withdrawal symptoms after smoking cessation are
severe, increase in severity over time, or are highly vari-
able (Piasecki et al. 1998, 2000, 2003b; McCarthy et al.
2006). Research also shows that withdrawal symptoms
indicate vulnerability to relapse, as the result of either
immediate increases in symptoms in response to absti-
nence from smoking or emergent changes in symptoms
that occur across the days preceding a lapse in smoking
cessation (Figure 4.8) (Piasecki et al. 2003b; McCarthy et
al. 2006).

Withdrawal measures tap a variety of symptoms, but
research suggests that self-reported craving and negative
affect are the symptoms most predictive of relapse (West
et al. 1989; Killen et al. 1991; Swan et al. 1996; Killen
and Fortmann 1997; Piasecki et al. 1998; McCarthy et al.

Individual estimated slopes in craving ratings over three weeks prequit, from just before to just after

midnight on the quit date, and over three weeks postquit

Source: McCarthy et al. 2006.

Note: The synthesized trajectories are based on multiple daily ratings made in real time with electronic diaries. The heavy black
line represents the mean trend in craving ratings across all individuals. All other lines represent the slopes or trajectories of craving
ratings for individual smokers and show how variable withdrawal symptoms can be across smokers across time.
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Figure 4.7

Source: McCarthy et al. 2006.

Reactions for the three-week period before the quit date and the three-week period after the quit date

Note: Data are from 70 smokers making a quit attempt. The y-axis depicts the magnitude of the average standardized coefficient
derived from multivariate, multilevel models. Episodic event coefficients were estimated separately in the prequit and postquit
periods. The beta weights shown reflect the degree of symptom change (in overall withdrawal, hunger, craving, and negative affect)
associated with the presence versus absence of an episodic event. (A) Symptom coefficients associated with smoking in the past

15 minutes in models of overall withdrawal. (B) Symptom coefficients associated with recent exposure to smoking behavior.

(C) Symptom coefficients associated with exposure to recent stressful events. (D) Symptom coefficients associated with recent
strong urges and temptations. Results suggest greater symptomatic reactivity to events after quitting than before quitting.

2006). Other elements of the withdrawal syndrome, such
as sleep disturbances or weight gain, are less consistent
indices of a vulnerability to relapse (Wetter et al. 1995;
Borrelli et al. 2001).

One piece of evidence that supports the role of
withdrawal in precipitating relapse is research show-
ing that withdrawal suppression appears to mediate the
effects of pharmacologic treatments for smoking cessation
(McCarthy et al. 2006; Shiffman et al. 2006). Statistical
tests suggest that nicotine replacement and bupropion
treatments reduce relapse risk to the extent that they sup-
press withdrawal symptoms. These studies suggest only
partial mediation, however, consistent with the notion
that other factors also influence relapse.

Although it is clear that emergent trends can set the
stage for lapses and relapses to smoking, much remains to
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be learned about these associations. The time course by
which emergent symptoms anticipate lapses, for example,
needs more focused examination, because a gradual emer-
gence of symptoms would permit the delivery of preven-
tive interventions. Several studies show that craving and
exacerbation of withdrawal symptoms precede lapses by
several days (Piasecki et al. 2003b; McCarthy et al. 2006;
Allen et al. 2008). However, as noted earlier in this sec-
tion, other research shows that lapse-provoking increases
in negative affect unfold within hours rather than days
(Figure 4.9) (Shiffman and Waters 2004).

Cognitive and Attitudinal Influences

Emergent cognitive and attitudinal processes may
also enhance vulnerability to relapse. For instance, one
study used real-time data recording to show that low
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Figure 4.8
attempt

Source: Piasecki et al. 2003b.

Withdrawal severity and lapse behavior among smokers who abstained for the first five days of a quit

Nofte: Matched abstainers (MAs; n = 152) had never smoked during the follow-up period. Transient lapsers (TLs; n = 124) had lapsed
but did not immediately resume regular smoking. Protracted lapsers (PLs; n = 28) had immediately returned to regular smoking
upon lapsing. The figure shows predicted withdrawal severity growth functions for these three groups over several periods: baseline
(prequit: prior to day 0 in the first panel), the first five days of the quit attempt, the five days preceding and following the lapse dates
of the lapsers (TL and PL participants); and last five days of the quit attempt (when TL and PL participants were smoking and MA
participants were abstinent). Each lapsed participant was paired with an MA to produce temporal equivalence across the prelapse and
postlapse windows. To compare the symptoms of lapsers with those of nonlapsers, the investigators randomly matched each lapser
with a person who did not lapse, then compared the predicted symptom trajectories of these individuals over the same postquit

periods of time defined by when a lapse actually occurred.

abstinence and self-efficacy estimates, along with high
expectations of smoking reinforcement, predicted a lapse
to smoking that occurred on the following day (Gwaltney
et al. 2005a). These effects were independent of scores
for these measures on the day of smoking cessation,
suggesting that the effects reflect emergent processes and
not trait differences. Other research shows that persons
who lapse to smoking appear to experience a marked dip
in motivation during the week leading up to a lapse (He-
deker and Mermelstein 1996).

Timing and Motivational Significance of
Emergent Processes

As previously noted, both symptomatic and attitudi-
nal changes emerge across the period after smoking cessa-
tion and predict a relapse. Such changes may occur in the
first few hours after cessation or in the hours or days just
before a lapse to smoking (Figures 4.8 and 4.9) (Hedeker
and Mermelstein 1996; Gwaltney et al. 2005a). Emergent
symptoms may occur at any time during the postcessa-
tion period. However, research shows that symptoms that
occur early in this period (e.g., in the first 24 hours) may
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Figure 4.9

Negative affect in the days and hours preceding the first lapse for smokers who attributed their first

lapse to a stressor or bad mood (stress trigger) or to some other type of event (other trigger)

Source: Adapted from Shiffman and Waters 2004 with permission.

Note: Stress trigger, n = 29; other trigger, n = 61. These data suggest that increasing negative affect is a risk factor for lapsing for some

smokers. Error bars show one standard error.

be more tightly linked to outcomes than are later symp-
toms. For instance, in the Killen and Fortmann (1997)
research, 2,600 smokers were entered into three studies
through population-based recruitment. Across all three
studies, craving ratings gathered early in the attempt to
stop smoking (e.g., 24 hours postcessation) predicted
relapses across the first year after cessation. Smokers
with ratings in the highest quartile for craving were twice
as likely to relapse as were smokers in the lowest quar-
tile (31 versus 16 percent, respectively, averaged across
all three studies). This research agrees with a wealth of
other evidence that appearance of symptoms early in the
attempt to stop smoking is negatively related to an ability
to remain abstinent and to avoid a relapse (Killen et al.
1991; Doherty et al. 1995; McCarthy et al. 2006).

These data supported a large amount of evidence
showing that various types of self-reports become mark-
edly more predictive of ultimate outcomes as soon as
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persons have some experience in the attempt to stop
smoking (Kenford et al. 2002; Gwaltney et al. 2005a). This
evidence suggests that even though smokers have experi-
ence with abstinence from smoking and have memories of
previous attempts to stop smoking, many are still unpre-
pared for the forces unleashed by abstinence, which ulti-
mately lead to a relapse.

Situational Instigators

A large body of research shows that lapses and
relapse are associated with a limited set of contextual or
situational features. Studies that use remote data collec-
tion techniques, in which data are gathered long after
the lapse or relapse occurred, show that the contexts of
lapses are characterized by features such as negative
affect, urges to smoke, alcohol consumption, and cues to
smoke (O’Connell and Martin 1987; Brandon et al. 1990).
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Research using real-time data acquisition shows that
situations in which lapses occur (lapse situations) can be
distinguished from temptations, that is, instances in
which smoking did not actually occur, and from random
occasions on the basis of the negative moods that occur in
relation to lapses (Shiffman et al. 1996¢). Negative moods
are significantly more likely to co-occur with lapses than
with temptations without smoking or to occur alone at
randomly determined times. These negative moods tend
to be strongly associated with reports of interpersonal
stress such as arguments.

Shiffman and colleagues (1996¢) also found that
lapse situations can be distinguished from temptation
situations and random occasions in that lapses are more
likely to be accompanied by alcohol intake and strong
urges to smoke that occur later in the day. Considerable
additional evidence demonstrates that alcohol intake sets
the stage for lapses (Borland 1990; Brandon et al. 1990).
Also, both lapses and temptation situations tend to co-
occur in the presence of other persons who are smoking.
Thus, the availability of cigarettes and the modeling of
smoking are associated with an increased desire to smoke.
However, such cues do not reliably distinguish between
the desire to smoke and the occurrence of smoking.
Finally, the smoker is not a passive party in the progres-
sion to relapse. The data show that the execution of a cop-
ing response is more characteristic of temptation than of
lapse occasions, suggesting that coping detoxifies tempta-
tion situations (Shiffman et al. 1996c¢).

Attesting to the powerful influence of contextual
factors, recent research shows that smoking policies or
the numbers of smokers in the person’s environment reli-
ably predict likelihood of relapse or success in cessation
(Letourneau et al. 2007). For instance, risk of relapse or
rapidity of relapse is heightened by the number of smokers
in a person’s social network, whether the person’s part-
ner smokes (Mullen 2004; Letourneau et al. 2007; Macy
et al. 2007; Solomon et al. 2007), and whether there are
smoking restrictions at the person’s place of work or at
home (Gilpin et al. 1999; Lee and Kahende 2007; Macy et
al. 2007). However, some data suggest that bans in social
contexts or restaurants may not be related to the success
of cessation (Albers et al. 2007).

In general, research on situational indicators sug-
gests that temptations to smoke and smoking lapses are
contingent on internal symptoms of withdrawal (e.g.,
urges to smoke), alcohol use, and environmental signals
of smoking, including the availability of cigarettes and the
status of smoking restrictions. These findings are consis-
tent with theories that drug availability and distress both
constitute potent prods to motivation for drug use (Niaura
et al. 1988; Skjei and Markou 2003; Baker et al. 2004).

Integration Across Relapse Influences

Person factors, situational cues, and emergent pro-
cesses all influence risk of relapse. Moreover, research sug-
gests that relapse risk reflects an interaction among these
types of influences (Shiffman 1989a; Piasecki et al. 2002).
For example, the intensity of the urge to smoke during
temptation events predicts the likelihood of a lapse (Shiff-
man et al. 1997). However, this relationship depends on
the level of urges to smoke reported on the day of smok-
ing cessation. Thus, situational ratings are related to trait
characteristics, such as tobacco dependence or emergent
trends (e.g., withdrawal) that affect ratings for the urge to
smoke on the day of smoking cessation. The relationship
between the type of lapse situation and an emergent nega-
tive affect are shown in Figure 4.9. Data also show that
the intensity of the urge to smoke during temptation epi-
sodes grows in the days leading up to a lapse (Shiffman et
al. 1997). These data provide further evidence for the role
of emergent processes in affecting situational reactions
that, in turn, are related to lapse events. Finally, this same
research shows that the level of the urge to smoke
reported by persons on awakening predicted the likelihood
of a lapse later on the same day. For some reason, urges
to smoke in the morning, as opposed to urges reported at
other times, tended to provide the most powerful predic-
tions of lapses. In sum, research on the urge to smoke
shows that the likelihood of a lapse reflects the interaction
of trait factors, emergent processes, and situational cues.

Other data suggest interactive influences on the
likelihood of a lapse. For example, Gwaltney and col-
leagues (2005b) found that persons who have low levels
of trait-like self-efficacy at baseline show marked declines
in self-efficacy in situations that produce strong urges or
negative affect. Hence, trait measures capture a person’s
vulnerability to succumb to situational challenges. A chief
goal of future research is to elucidate how various types
of influences on relapse interact to produce a relapse in a
particular person at a particular time.

Transition from Lapse to Relapse
or Recovery

Exploration of the factors that transform lapses into
relapses is vital, because initial incidents of tobacco use
routinely usher in a return to regular smoking (Baer et
al. 1989; Garvey et al. 1992; Kenford et al. 1994). Study of
the factors that influence the lapse-relapse progression is
also important, because it seems that factors affecting this
progression differ from factors that affect the occurrence
of the lapse itself. For instance, Wileyto and colleagues
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(2005) found that the likelihood of lapse in a smoker was
relatively unaffected by his or her dependence level (FTND
score) or symptoms of depression. However, both of these
factors were associated with greater difficulty in recover-
ing from a lapse—that is, reestablishing abstinence for at
least 24 hours.

Researchers have found that the probability or the
latency of a relapse after a lapse can be predicted by nico-
tine dependence (Shiffman et al. 1996b, 1997) and by fea-
tures of the lapse situation, such as the failure to make
a coping response, feelings of hopelessness, and stronger
urges to smoke during the lapse (Shiffman et al. 1996b).
In addition, postlapse declines in self-efficacy of absti-
nence indicate a greater likelihood of or a faster progres-
sion to a relapse (Gwaltney et al. 2005b). Thus, it appears
that individual capitulation in the cessation attempt and
high levels of nicotine dependence foster the progression
to a relapse.

Lapses appear to play a causal role in precipitat-
ing a relapse. This finding is indicated by the report that
smokers randomly assigned to experimental lapse events
resume smoking more rapidly than do smokers not
assigned to such lapse experiences (Chornock et al. 1992).

Summary and Future Directions

The data suggest that factors contributing to a
relapse are multidimensional and involve many processes

Evidence Summary

associated with addiction, including personal traits, past
experiences with nicotine, associative learning and condi-
tioning, and the manifestation of withdrawal symptoms.
Development of treatments to prevent lapses (occasional
smoking) is important, because these events so frequently
lead to a relapse. In addition, this review suggests that
treatments should target specific phenomena that may
motivate lapses and relapses: (1) increases in withdrawal
symptoms, especially urges to smoke and negative affect
that occur in the first 48 hours of smoking cessation (Fig-
ures 4.6 and 4.8); (2) emergent increases or spikes in nega-
tive affect and urges that occur at any point after smoking
cessation (Figures 4.8 and 4.9); (3) the drop in self-
confidence or the increase in urges engendered by a lapse;
(4) urges that occur shortly after awakening that may
or may not reflect conditioned withdrawal effect (Figure
4.6); (5) a trait-like intolerance of distress; (6) increased
urges to smoke and withdrawal symptoms prompted by
smoking-related cues or stressful events (Figure 4.7); and
(7) alcohol consumption and its effects on cognitive and
motivational processes. Although relapse has also been
associated with relatively stable demographic factors such
as SES and educational status, it is unclear why these
factors are associated with failure of smoking cessation
and which treatment strategies could be used to counter
them. Future research should be focused on further refin-
ing types for relapse and recovery, understanding genetic
and neurobiologic underpinnings, and developing effec-
tive treatments for these types.

The 1988 Surgeon General’s Report, The Health
Consequences of Nicotine Addiction, concluded that
“nicotine is the drug in tobacco that causes addiction”
(USDHHS 1988, p. 9). Studies show that animals self-
administer or prefer nicotine over saline and that many
people smoke to regulate blood concentrations of nico-
tine. For example, if smokers are given cigarettes with
lower nicotine yields than their usual brands, they tend
to smoke more intensely or to cover the filter ventilation
holes to increase their nicotine intake. The VTA region of
the brain and the mesocorticolimbic dopamine neurons
originating in this brain site are primarily responsible for
the positive reinforcing aspects of nicotine. An increase
in levels of dopamine is mediated by nicotine directly
stimulating nAChRs, primarily «7 homomeric and «4f2-
containing nAChRs within the VTA, thus increasing activ-
ity of VTA neurons projecting to the nucleus accumbens
and the frontal cortex. Nicotine stimulates «7 nAChRs on
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glutamatergic terminals that release glutamate, an excit-
atory neurotransmitter, which results in increased release
of dopamine in the nucleus accumbens, amygdala, and
frontal cortex. Nicotine also excites nAChRs on GABA-
releasing terminals. Thus, levels of GABA, an inhibitory
neurotransmitter, are also increased by nicotine. However,
the interplay between the quick desensitization of nAChRs
on the GABA neuron and the higher doses of nicotine re-
quired to desensitize nAChRs on the glutamate neuron
result in a greater increase in dopamine levels.

The neurophysiology associated with withdrawal
symptoms may be based on the type of symptoms
experienced (e.g., somatic versus affective). It appears that
nAChRs differ in their involvement in both the somatic
and affective components of nicotine withdrawal and
dependence. As seen in animal studies, 4 nAChRs play an
important role in the somatic signs of withdrawal, whereas
£2 nAChRs play an important role in the affective, but not
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somatic, aspects of withdrawal. The role of «4 nAChRs is
unclear, but these receptors may play a role in both the
affective and somatic withdrawal effects of nicotine addic-
tion. The o7 nAChRs appear to be involved only in some of
the somatic signs of nicotine withdrawal.

The amount and speed of nicotine delivery also plays
a critical role in the potential for abuse of tobacco prod-
ucts. The speed and amount of nicotine delivered to the
brain depend on the amount of nicotine in the product,
the alkalinity of the product, and the route of adminis-
tration. Nicotine, 3-(1-methyl-2-pyrrolidinyl)pyridine, is a
volatile alkaloid in the tobacco plant, and its absorption
and renal secretion is highly dependent on pH. Products
with higher alkalinity are associated with greater amounts
of nicotine in the nonionized or free base state, which can
vaporize more easily into the gas phase, can be deposited
directly on the lung tissues, and crosses cell membranes
more rapidly than ionized nicotine. Tobacco products
can contain constituents such as ammonia to increase
the conversion of nicotine to the nonionized or free base
state. Physical design features such as filter-tip ventila-
tion also increase the free base fraction of nicotine (see
Chapter 3, “Chemistry and Toxicology of Cigarette Smoke
and Biomarkers of Exposure and Harm”). The fastest rate
of nicotine delivery is through smoking cigarettes. Nico-
tine, when inhaled, enters the lungs, which present a large
surface area of small airways and alveoli, undergoes dis-
solution in pulmonary fluid at a high pH, is transported
to the heart, and then immediately passes to the brain.
This rapid and bolus delivery of nicotine through ciga-
rettes leads to greater control over the amount of nicotine
delivered to the brain and results in higher abuse potential
than do other tobacco- or nicotine-containing products.

Nicotine in the tobacco product and its kinetic
profile are not the only factors that might contribute to
a tobacco product’s potential for addiction. Other con-
stituents may also serve as reinforcers or may enhance
blood levels of nicotine or its effects. For example, animal
studies have shown that nornicotine, a secondary tobacco
alkaloid, functions as a reinforcer, but at less potency than
nicotine. The effect of nornicotine in humans is unclear.
Acetaldehyde, another constituent in tobacco smoke,
which results from burning sugars and other materials in
the tobacco leaf, may play a role in increasing the rein-
forcing effects of nicotine. In animal studies, acetaldehyde
enhanced the acquisition of nicotine self-administration
among adolescent rats but not adult rats. Extracts from
flue-cured tobacco that appear to inhibit MAO activity
in the brain may be another contributory factor to the
reinforcing effects of cigarettes. Increased MAO inhibi-
tion results in increased levels of catecholamines. Current
smokers have lower levels of MAO than do nonsmokers or
former smokers.

Tobacco product design and ingredients contrib-
ute to the risk of addiction by reducing noxious effects
such as the unpleasant taste of nicotine and unpleasant
sensory effects (see Chapter 2, “The Changing Cigarette”).
Such designs include ventilation to cool the smoke and
ingredients such as menthol and chocolate that make
nicotine inhalation more pleasant. Other nonnicotine fac-
tors can also contribute to addiction potential. These fac-
tors include the associative learning processes (internal
and environmental cues linked with nicotine administra-
tion) that develop with repeated tobacco use. This associa-
tive learning can be as powerful as the direct effects of
nicotine. For example, presenting smokers with sensory
aspects of smoking without nicotine has resulted in a
decrease in craving for cigarettes, a decreased subset of
withdrawal symptoms, and short-term reinforcing efficacy
similar to that of cigarettes containing nicotine (see Chap-
ter 3, “Chemistry and Toxicology of Cigarette Smoke and
Biomarkers of Exposure and Harm”).

Typically, smoking initiation occurs during ado-
lescence. Research shows that adolescent smokers
report some symptoms of dependence even at low levels
of cigarette consumption, and animal studies show that
sensitivity to nicotine in adolescents differs from that
in adults. For example, results from the paradigms of
self-administration and conditioned place preference in
rats demonstrate that adolescence may be at a stage of
development with higher sensitivity to nicotine exposure
than that in adults. Using mixture modeling, longitudinal
studies have identified multiple age-related trajectories
of smoking behavior. These trajectories typically include
smokers with early initiation of smoking and steep accel-
eration of smoking, persons who engage in experimental
or light smoking, smokers with late initiation and acceler-
ated progression of smoking, persons who stopped smok-
ing, and those who never smoked. The group with early
initiation and steeply escalating and persistent smoking
has been associated with familial smoking, which reflects
genetic and/or environmental risk factors, less parental
support, and a risk for chronic heavy smoking in adult-
hood. Ethnic differences have also been observed for the
age at initiation of smoking and the speed of progression
in smoking. These studies showed that African Americans
were more likely to have slower progression of smok-
ing and a lower number of cigarettes smoked than do
Whites. Studies that have looked at predictors for devel-
oping nicotine addiction or heavy smoking suggest the
importance of both genes and environmental influences.
Parental smoking, parental substance abuse disorders,
and externalizing disorders (attention-deficit/hyperactiv-
ity, disruptive behavior, and alcohol and drug abuse) have
been found to be predictive of nicotine dependence and/or
daily smoking.
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Initiation and persistence of smoking and nicotine
dependence show strong heritability. Most coefficients of
reported heritability range from less than 0.3 to more than
0.8 and vary on the basis of the smoking behavior phe-
notype examined and the social or environmental factors
such as prevalence of smoking. The balance of evidence
suggests that the risk of smoking initiation is influenced
by both genetic and environmental factors, whereas the
risk of smoking persistence may have a stronger genetic
component. Although some genetic influences on smok-
ing initiation and persistence are common, there are also
separate and unique genetic influences for initiation and
for persistence. Studies also suggest that the ability to stop
smoking is under a strong genetic influence, and some
consider this phenotype to be the key behavioral pheno-
type for nicotine dependence. Molecular genetic studies
have been conducted to examine the specific genetic fac-
tors and biologic mechanisms involved in nicotine addic-
tion. Most of the candidate gene studies have focused on
genetic variation in nAChRs, relevant neurotransmitter
pathways, or genes for nicotine-metabolizing enzymes.
Candidate gene studies are association-based studies
comparing prevalence of candidate gene variants in two
unrelated groups—for example, nicotine-dependent ver-
sus nondependent persons. Examples of candidate gene
variants that have been examined include nAChR sub-
units, such as CHRNA4 and CHRNA5; dopamine receptors
D2 and D4 (DRDZ2 and DRD4) and dopamine transporter
(DAT) genes; tryptophan hydroxylase, which is associ-
ated with serotonin biosynthesis; serotonin transporter
SHTTLPR, which is associated with genes that code for
serotonin reuptake; MAOA and DBH genes, which affect
norepinephrine pathways; genes in the endogenous opioid
pathway (e.g., OPRM1I); and genes involved in the metabo-
lism of nicotine (e.g., CYP246).

To date, the only candidate genes with consistent
evidence of an association with smoking behavior or nico-
tine dependence are CYP246 and 5HTT and SNPs in the
CHRNA5/A3/B4 gene cluster. More research has been con-
ducted on the effects of CYP2A6. Variants of P-450 CYP2A6
associated with *NULL or reduced activity are associated
with reduced levels of the CYP2A6 enzyme and slower
rates of nicotine metabolism, leading to higher plasma
levels of nicotine for a given dose of nicotine. Persons
who carry these variants with *NULL or reduced activity
tend to have lower risk for becoming smokers, reduced
cigarette consumption, and possibly higher likelihood
of successful smoking cessation than that for persons
with wild-type genotypes and higher rates of nicotine
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metabolism. Research in this area will be greatly enhanced
when there is agreement in the field on phenotypes for
smoking initiation, trajectory toward nicotine depen-
dence, and nicotine dependence. One area of research that
has provided promising initial evidence is the pharmaco-
genetics of treatment to aid in smoking cessation, which
included examining genetic variations in drug-metabo-
lizing enzymes and variations in drug targets to predict
responses to treatment. It is important to recognize that
although genes may play an important role in the various
aspects of smoking behavior, the risk for smoking exists in
persons without the gene variants, and it is predominantly
exposure, rather than the host, that leads to smoking-
related illnesses.

Studying recovery from smoking can provide valu-
able information on the nature of tobacco addiction and
the factors that affect it. Relapse to smoking occurs at
a high rate, and most smokers who ultimately relapse
resume smoking early after the attempt to stop smoking.
The risk for relapse is particularly high among those who
lapse or engage in a single episode of smoking after their
first day of cessation. The pattern of return to smoking
varies across individuals. However, on average, a second
lapse occurs within 24 hours of the first lapse, and lapse
to relapse occurs three to five weeks after the cessation
attempt. Several multidimensional factors may be associ-
ated with relapse. These factors include the expectations
that the effects from smoking will be rewarding, confi-
dence in the ability to stop smoking, educational status,
and degree of tobacco dependence. Situational indicators
suggest that temptations to smoke and smoking lapse and
relapse are associated with alcohol use and environmental
signals such as the sight of others smoking and the avail-
ability of cigarettes.

Evidence supports the relationship of tobacco with-
drawal syndrome with vulnerability to relapse. Studies
show three important findings for many smokers: (1)
withdrawal symptoms are persistent and often severe for
several months after an attempt to stop smoking, (2) the
heterogeneity in withdrawal symptoms is great, and (3)
features such as the severity, variability, and the course
of withdrawal symptoms confer increased risk for relapse.
Craving and negative affect are the withdrawal symptoms
most predictive of relapse, including urges to smoke
that are experienced immediately after awakening in the
morning. Research suggests complex interrelationships
within and across the different types of influences. Future
research is needed to elucidate these interactions.
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Conclusions

Nicotine is the key chemical compound that causes
and sustains the powerful addicting effects of com-
mercial tobacco products.

The powerful addicting effects of commercial
tobacco products are mediated by diverse actions of
nicotine at multiple types of nicotinic receptors in the
brain.

Evidence is suggestive that there may be psychoso-
cial, biologic, and genetic determinants associated
with different trajectories observed among popula-

tion subgroups as they move from experimentation to
heavy smoking.

Inherited genetic variation in genes such as CYP246
contributes to the differing patterns of smoking
behavior and smoking cessation.

Evidence is consistent that individual differences in
smoking histories and severity of withdrawal symp-
toms are related to successful recovery from nicotine
addiction.
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